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ABSTRACT

Perpendicular blade vortex interactions are a common occurrence in helicopter rotor flows.

Under certain conditions they produce a substantial proportion of the acoustic noise. However,

the mechanism of noise generation is not well understood. Specifically, turbulence associated with

the trailing vortices shed from the blade tips appears insufficient to account for the noise

generated. In this report we examine the hypothesis that the first perpendicular interaction

experienced by a trailing vortex alters its turbulence structure in such a way as to increase the

acoustic noise generated by subsequent interactions. To investigate this hypothesis a two-part

investigation has been carried out.

In the first part, experiments were performed to examine the behavior of a streamwise

vortex as it passed over and downstream of a spanwise blade in incompressible flow. Blade

vortex separations between __.V8chord were studied for at a chord Reynolds number of 200,000.

Three-component velocity and turbulence measurements were made in the flow from 4

chordlengths upstream to 15 chordlengths downstream of the blade using miniature 4-sensor hot-

wire probes. These measurements show that the interaction of the vortex with the blade and its

wake causes the vortex core to loose circulation and diffuse much more rapidly than it otherwise

would. Core radius increases and peak tangential velocity decreases with distance downstream

of the blade. True turbulence levels within the core are much larger downstream than upstream

of the blade. The net result is a much larger and more intense region of turbulent flow than that

presented by the original vortex and thus, by implication, a greater potential for generating

acoustic noise.

In the second part, the turbulence measurements described above were used to derive the

necessary inputs to a BWI noise prediction scheme. This resulted in significantly improved

agreement between measurements and calculations of the BWI noise spectrum especially for the

spectral peak at low frequencies, which previously was poorly predicted.
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1. INTRODUCTION

When a helicopter blade passes through or near the tip vortex shed by a previous blade,

noise is generated. When the vortex is approximately parallel to the blade (figure 1.1a), noise is

generated as a consequence of the unsteady lift produced by the blade as it passes through the

steady swirling flow of the vortex. When the vortex is more or less perpendicular (figure 1.1b),

the noise is generated by the blade passing through turbulence associated with the vortex (Brooks

et al. (1987), Glegg (1989)). Most research in rotor aerodynamics and acoustics has focussed on

parallel interactions. Perpendicular interactions (also known as Blade Wake Interactions or BWIs)

have received relatively little attention, despite the fact that they are the most important

contributor to helicopter noise during level flight and mild climb conditions (Brooks and Martin

(1987)).

One of the difficulties of BWI noise prediction is that it requires knowledge of the

turbulence structure and spectrum of the vortex as it passes the blade (Glegg (1989)). Devenport

et al. (1992) attempted to provide this knowledge by studying the turbulence structure of trailing

vortices in isolation. The assumption here was that the impact of the blade would not

significantly alter the turbulence structure from the point of view of noise prediction. However,

upon incorporating their results into the BWI noise prediction method of Glegg (1989) they found

the turbulence structure of the isolated vortex to be insufficient to account for all the BWI noise

generation. There are two possible explanations for this result; either changes in the flow structure

during the interaction strongly effect the noise produced or the vortex structure is significantly

altered by its encounter with the blade, changing the nature of all subsequent interactions. In

either case a study of the details of the interaction and the flow it produces is required.

With the exception of the present investigation there has been surprisingly little research

into the fluid mechanics of BWI. What has been done has concentrated primarily on the

aerodynamic characteristics of the blade rather than on the vortex itself.
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Perpendicular blade vortex interactions at transonic speeds have been studied by

Kalkhoran et al. (1992) and Phillipe and Armand (1978). Kalkhoran et al. examined the influence

of a trailing vortex on a rectangular NACA 0012 section blade at zero angle of attack for Mach

numbers between 0.7 and 0.8 (figure 1.2). They took total pressure surveys of the vortex at the

leading and trailing edge of the blade as well as pressure measurements on the blade surface

under the vortex for blade-vortex separations A of 0.3, 0.2 and 0.1 chordlengths (figure 1.1b).

They found the vortex to significantly affect the pressure distribution on the blade especially

upstream of its maximum thickness. The magnitude of this disturbance increased with reduction

in A. Their total pressure measurements show unsteadiness in the approaching vortex and some

gross mean-flow features of the interaction, such as the relative location of the vortex and blade

and vortex-generator wakes. In particular they observe a spanwise drift of the vortex as it passes

over the blade under the influence of its image in the blade surface. Phillipe and Armand (1978)

studied the influence of a trailing vortex on the integrated lift and drag characteristics of also

used a rectangular NACA 0012 blade for M=0.6 (configuration shown in figure 1.3). They varied

both the blade angle of attack and vortex strength while apparently holding the nominal

blade-vortex separation constant. They found the vortex reduced the blade lift coefficient by a

fairly constant amount over the angle of attack range of the blade (figure 1.4a) as though a

negative camber had been added to the blade. They also found the blade drag coefficient to be

increased by as much as 40% in the presence of the vortex (figure 1.4b).

Incompressible perpendicular blade vortex interactions have been studied by Seath and

Wilson (1986), MUller (1990) and Ham (1975). Seath and Wilson used a rectangular NACA

64A015 blade (figure 1.5) at zero angle of attack for a chord Reynolds number of 417,000. They

considered a range of trailing vortex strengths Fo and of blade vortex separations A. Like

Kalkhoran et al. they observed significant changes in the pressure distribution on the blade in the

vicinity of the vortex and the spanwise drift of the vortex over the blade surface. The spanwise

drift reached a maximum for A=7% chord and increased with vortex strength. They also present

a flow visualizations performed on the blade surface which show three-dimensional separation

and reattachment lines induced by the nearby vortex. Muller (1990) used laser Doppler
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anemometry to examine the mean flow structure immediately downstream of a blade-vortex

interaction for a chord Reynolds number of 100,000. He used a blade with a varying twist angle

to simulate the lift distribution on a helicopter rotor (figure 1.6). He considered only one vortex

strength, blade angle of attack and blade vortex separation, for which the vortex passed close to

the pressure side of the blade near its tip. His mean velocity vectors downstream of blade show

the trailing vortex and blade tip vortex. He postulates, based on his measurements and theoretical

considerations, that the disturbance of the vortex to the blade lift distribution causes the local

shedding of a 'mid-span' vortex from the blade with a strength of one quarter to one third of that

of the blade tip vortex. Ham (1975) measured blade surface pressure distributions in the

configuration shown in figure 1.7. He considered a range of vortex strengths and blade pitch and

yaw angles. Rather than fixing the blade vortex separation distance he oscillated the vortex

generator to move the vortex periodically across the blade leading edge. Ham concluded that the

disturbance to the blade pressure distribution cannot exceed a certain peak value, beyond which

the flow under the vortex stalls. He argues that this peak value is dependent on the two thirds

power of the vortex circulation but is largely independent of blade pitch or yaw angle.

Overall very little is known about the influence of a perpendicular blade on a trailing

vortex. The work described above includes only a few mean flow measurements and flow

visualizations. Nothing is known about the turbulence structure or the development of the flow

for any significant distance downstream of the blade. There is therefore little to base predictions

of BWI noise upon.

The aim of the present investigation is remedy this situation. Specifically, to document

the details of perpendicular blade vortex interactions and the flows they produce over a range of

conditions and then incorporate that information into a theoretical BWI noise prediction method.

The experimental investigation was performed at Virginia Tech in two parts;

(i) helium-bubble flow visualizations to examine the nature of the interactions and the

gross features of the resulting flows, and

(ii) detailed three-component hot-wire velocity and turbulence measurements.

The theoretical work was performed at Florida Atlantic University.
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This report describes the results of the velocity and turbulence measurements and of the

theoretical investigation. Flow visualizations results, already presented by Rife et al. (1993), are

only summarized here.
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a parallel

b perpendicular

Figure 1.1 Two types of blade vortex interactions.
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Figure 1.2 Configuration studied by Kalkhoran et al. (1992).

Figure from Kalkhoran et al. (1992).
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Figure 1.3
Configuration studied by Phillipe and Armand (1978).

Figure from Phillipe and Armand (1978).
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Figure from Muller (1990).
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Figure 1.7 Configuration studied by Ham (1975).

Figure from Ham (1975).
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2. APPARATUS AND INSTRUMENTATION

Much of the apparatus and instrumentation has already been described in detail by

Devenport et al. (1993). Only brief descriptions of these items are therefore included here.

2.1 Wind Tunnel

Experiments were performed in the Virginia Tech Stability Wind Tunnel (figure 2.1). It

is a closed-circuit tunnel powered by a 600 horsepower axial fan. The test section is square with

a cross section of 1.83m X 1.83m and a length of 7.33m. Flow in the empty test section is

closely uniform with a turbulence intensity of less than 0.05% (Choi and Simpson (1987)). For

speeds between 6 and 30 rn/s there is a slight favorable pressure gradient along the test section

acjax,=-o.oo3]m as a consequence of the growth of the side-wall boundary layers (Reynolds

(1979)). This acceleration causes some convergence of the streamlines. Choi and Simpson (1987)

showed the convergence, illustrated in figure 2.2, to be centered roughly in the middle of the test

section at speeds of 15 and 37.5 m/s. Flow angles produced by the convergence are small near

the middle of the test section but increase to about 20 near the walls.

During operation of the wind tunnel the free stream dynamic pressure and flow

temperature are monitored continuously. The former is measured using a pitot-static probe located

at the upstream end of the test section connected to a Barocell electronic manometer. The latter

is sensed using an Omega thermocouple located within the test section boundary layer, there

being no significant temperature gradient across the boundary layer.

2.2 Wing models

Mason and Marchman's (1972) wing model was used along with a copy produced on a

numerically controlled milling machine. Both models have a rectangular planform, NACA 0012

airfoil section and a blunt wing tip. The chord and span are .20 m and 1.22m respectively.
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Mason and Marchman's wing is made from solid brass while the copy is made from solid

aluminum. Surfaces of both wings are accurate to within _.25mm.

The aluminum model was used as the vortex generator. It was mounted vertically as a half

wing at the center of the upper wall of the test section entrance (figure 2.3). Its root was held

cantilever fashion in a turntable and cable assembly (figure 2.4), this allowing the wing to be

rotated to angle of attack about its quarter chord location. In this arrangement 0.88m of this wing

protruded into the test section flow. The brass model, used as the interaction blade, was mounted

in a similar manner 14 chord lengths downstream (figure 2.3), its effective span being 1.0m. Here

the mount consisted primarily of two large aluminum beams resting on the tunnel superstructure

(figure 2.5). These allowed the angle of attack and lateral position to be independently adjusted.

The wing models were initially placed at zero angle of attack, with an accuracy of __.0.2°

by using a removable wing tip holding 48 static pressure ports. The tip was first placed on the

rear wing and used to position it at zero angle of attack by equalizing the static pressures on both

sides. The forward wing was then put in place and zeroed in a similar manner.

To eliminate possible unsteadiness and non-uniformity that might result from natural

transition, the boundary layers on the wings were tripped. Glass beads with a diameter of 0.5mm

were glued to the wings in a random pattern in a strip extending between 20% and 40% chord

locations. Average density was 200 beads/cm 2. The resulting turbulent boundary layers were

documented for a range of angles of attack by Devenport et al. (1992).

2.3 Hot-wire anemometry

An Auspex Corporation four-sensor hot-wire probe, type AVOP-4-100, was used to make

three-component velocity measurements. The probe, shown in figure 2.6, consists of two

orthogonal X-wire arrays with each wire inclined at a nominal 45 ° angle to the probe axis. Eight

prongs, 75lain in diameter at their tips, position the wires some 40mm upstream of the main part

of the probe. Each wire is 0.8mm long and 51am in diameter. The total measurement volume is

roughly 1.1 mm 3.
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The probe was operated using four Dantec 56C17 bridges and four 56C01 constant

temperature anemometer units mounted in a Dantec 56B12 main frame. The output voltages

from the anemometer bridges were recorded by the IBM AT compatible computer using an

Analogic 12 bit HSDAS-12 A/D converter having an input voltage range of 0-5 volts and 12 bit

resolution. The HSDAS-12 can sample up to four of its sixteen channels simultaneously at a

maximum rate of 100 kHz per channel. In addition to those channels used for hot wire signals,

two other channels of HSDAS-12 were used to measure flow temperature and free-stream

pitot-static pressure. Raw hot wire signals were linearized and processed in the computer using

an 18-8 laboratories PL1250 array processor. Optical disc cartridges were used to store the raw

and processed data.

A nominal overheat of 1.7 was used. The wires were calibrated frequently by placing the

probe in the free stream and comparing the wire output voltages (E) with cooling velocities (Uef f)

determined from the velocity sensed by the pitot-static probe located at the test-section entrance

and the wire angles. The absolute wire angles were determined in advance by pitching and

yawing the probe in the uniform potential core of a jet. The absolute flow direction at the

calibration location was determined in advance using a 7-hole yaw probe. King's law

e - a + C1)

was used. The exponent n was taken as 0.45 the constants A and B were determined via linear

regression from 10 to 20 calibration points. Root mean square errors between the points and the

King's-law fit were typically less than 0.5% in velocity. Flow temperature in the stability wind

tunnel was found to drift by typically 1 to 2°C per hour. Hot wire signals were corrected for

temperature changes using the method of Bearman (1970). The anemometer bridges were

balanced to give a frequency response of better that 20kHz.

A probe holder, shown in figure 2.7 was used to attach the to the wind-tunnel traverse

gear. The holder was designed to position the measurement point of the probes 0.84m upstream

of the leading edge of the traverse. It consisted of a 23.6mm diameter steel tube aligned with the

free stream and two 6.2mm diameter rods normal to it. The purpose of the rods was to offset the
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axis of the probe from that of the tube by 114mm. Thus the tube did not have to be placed in

or near the vortex core for measurements to be made there. For all measurements the axis of the

probe and tube were held parallel to the test section axis and thus free-stream flow direction. The

probe was not pitched or yawed to face the local mean flow direction since, as demonstrated by

Mason and Marchman (1972), this can seriously disrupt a trailing vortex flow.

To turn the four effective velocities obtained simultaneously from the hot-wire probe into

velocity components the following analysis was used. Consider the velocity components and wire

angles defined in figure 2.6. Following Jorgensen (1971) we would expect the effective velocities

to be related to the velocity components through the relations,

U_ 1 = (U$illOl + VCOSOl)2 +k2(Uc.08Oi - VsillO1)2 +hl W2

u_ --_u_o_+rvcoso=)_+_u_o_-wsmo,)_+_v_

u_ =(umo_-v_o_)_+_(u_o_ +vsmo_)_+h_w=
u_ =(u_o,- w_o,)=+k,=(u_o,+wsi-o,)=÷h,v=

(2)

where k and h refer to the axial and pitch sensitivity of each wire. Splitting velocity components

into mean and fluctuating parts, taking the square root and ignoring second order terms leads to

the expressions
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u_ --_u+---° v

%+:_u+--° w

u_ : _u+----°v

u_r,: _v+----°w

(3)

where

A 1 = sin201 +k2eo_201

A 2 = si11202+k_O016202

A 3 = sirl203+k_O_lS203

A 4 = sin204+k2c436204

D1 = _sin2Ol(1-kt2)

D2= _sin2O2(1-k,22)

D3 = __sin2O3(1 _/q2)

D, = --tsin2O4(1 -k 2)
2

(4)

rearranging equations 3 gives, finally,
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The above analysis treats the probe as two orthogonal X-wire arrays and thus gives two estimates

of U. As discussed by Devenport et al (1992) measurements of axial velocity U with X-wire

arrays can be contaminated by streamwise vorticity because of the finite size of the probe.

However, the two X-wire arrays of the present probe are influenced by streamwise vorticity to

in an and opposite fashion. Averaging the two estimates of U therefore tends to eliminate this

contamination, i.e. U is calculated as

(6)

the above equations were used to determine the instantaneous velocity components from the

instantaneous effective velocities. Averaging was then used to determine mean velocities and

Reynolds stresses, fast Fourier transforms were employed to compute velocity spectra.

2.4 Helium Bubble Flow Visualizations
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The helium bubble flow visualization system used by Rife et al. (1993) was used in

setting up the blade position, see section 3.1. For a full description of this system see Rife et al.
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Figure 2.4 Top view of vortex-generator mount.
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Figure 2.5 Schematic of interaction blade mount
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wire attached to the wind-tunnel traverse gear.
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3. RESULTS AND DISCUSSION

3.1 Coordinate System, Flow Conditions and Table of Measurements

The wind-tunnel fixed coordinate system shown in figure 2.3 will be used in presenting

results. The direction of the free stream flow is along the X axis, Y is parallel to the wing spans

and, Z is opposite to the direction of lift. The origin of the coordinate system is the leading edge

of the tip of the vortex-generator. In this system the leading edge of the blade is at X/c = 14 and

its tip is at Y/c = -0.613, where c is the chord length. Mean velocity components U, V, W and

fluctuating components u', v' and w' are defined in the X, Y and Z directions respectively.

All velocity measurements were performed at a Reynolds number based on chord c

(Rec=Ur_fc/v) of 260,000, corresponding to a free-stream velocity Ur_f of 20 m/s. The free stream

velocity Ur_f was monitored using a pitot static tube placed at (3.9c, 2.8c, 3.0c). Both blade and

vortex generator were fixed at 5 degrees angle of attack, measured according to the right-hand

rule for the negative Y axis. The vortex was therefore rotating according to the right hand rule

in the positive X direction. Measurements were made for several lateral (z) positions of the blade

measured in terms of the blade-vortex separation distance A, defined in figure 2.31. Zero A

corresponds to the blade position where the streamline marking the vortex center stagnates upon

the blade leading edge. This blade position was determined at the start of the hot wire

measurements by using helium-filled soap bubbles to visualize the vortex core. A is negative

when the vortex passes to the pressure side of the blade and positive when it passes to the suction

side.

Table 3.1 lists all the conditions and locations at which velocity measurements were made.

Measurements were made upstream of the blade location, at X/c=10 (for which the blade was

actually removed), and downstream of the blade at X/c=30 (15c downstream of the blade trailing

edge) for A/c = -0.125, -0.0625, 0, 0.0625 and 0.125. For the closest pressure-side passage, A/c

_Note that Rife et al. (1993) used z, to denote blade-vortex separation. A:-z_.
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= -0.0625,measurementswere also performedat X/c=15.33 (0.33cdownstreamof the blade

trailing edge)and X/c=22.6 (7.6c from the blade trailing edge).For the closestsuction side

passageadditionalmeasurementsweremadeonly at X/c=22.6.At mostlocationsandconditions

gridsof meanvelocity andturbulencestressmeasurementsweremadeto reveal theoverall flow

structure,detailedprofiles were measuredthroughthe core center(s)and velocity spectrawere

measuredat representativelocations.Note thatin presentingmanyof thesedataweshallusefor

conveniencethecoordinatesy andz, identicalto Y andZ, exceptmeasuredrelativeto thecenter

of the largestmeasurementgrid at eachstreamwiselocation.In the text belowpositionswill be

referredto in coordinatepairs,for example,(1,2)Rwill refer to a (y,z) positionand(1,2)Aa (Y,Z)

position.Uncertaintyestimatesfor velocity measurementsare listed in table3.2.

3.2 Summary of relevant flow-visualization results

Rife et al. (1993) performed helium bubble visualizations to reveal the gross features of

the blade vortex interaction. Visualizations were performed for a number of vortex

generator/blade angle of attack combinations and a range of blade-vortex separations A.

For the conditions of interest here (i.e. vortex generator and blade at 5 ° angle of attack)

a range of phenomena were observed depending on A. For A greater than a few percent chord

(figures 3.1 to 3.4) the vortex was deflected as it passed the blade under the influence of the local

streamline curvature and its image in the blade. During a pressure side passage (figures 3.1 and

3.2) the image deflected the vortex inboard as it passed the blade. The reverse occurred for

suction-side passage (figures 3.3 and 3.4). Initially the interaction appeared to have no influence

on the core. Downstream, of the blade however, the vortex core began to diffuse and grow,

presumably as a consequence of its interaction with the blade wake. The core also interacted with

the blade tip vortex, the two rotating slowly about each other with distance downstream. The

magnitude of these effects increased with reduction in A. For ,5 near zero the form of the

interaction changed. With both vortex generator and blade at 5° angle of attack (figure 3.5) the

vortex appeared to split into two filaments at the leading edge of the blade, one passing on the

pressure and one passing on the suction side.
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Table 3.3 and figures 3.6 and 3.7 present quantitative data taken from the flow

visualizations and relevant to the present velocity measurements.Figure 3.6 presents

measurementsof the spanwisedrift of the vortex over the bladeas a function of A. Figure 3.7

givesestimatesof thedivergenceangleof thebubblestreammarkingthecoredownstreamof the

blade.Thesedataarealso listedin table3.3 alongwith estimatesof the maximumamplitudeof

anyvortexwanderingmotionsobservedin theflow visualizations.Wanderingis often a serious

problemwhentip vorticesaregeneratedin wind tunneltestsections.As discussedby Devenport

et al. (1992) wanderingmotions in the presentflows are small (a few percentchord), when

comparedto thosepresentin otherstudies.However, they shouldbe taken into accountwhen

interpreting velocity measurementsmadein and very close to the vortex core. Note that the

estimatesin table 3.3 are very definitely upper limits on wandering motions. Velocity

measurementspresentedbelowsuggestthatin manycasestheactualamplitudeof wanderingwas

considerablysmallerthan thesevalues.

3.3 The approach vortex

The overall structureof theapproachvortex is shownin figures 3.8 to 3.12 in terms of

meancrossflow velocity vectorsand contoursof axial meanvelocity U/Uref, mean vorticity

bW bV,'72 2
0_xc/Uref, normal stress u/Uret, and turbulence kinetic energy k/U,_f 2. Here cox = -

by bz'

determined by linear central difference, and k = 1(_ ÷v-'Z+_ ). Results are presented on two scales

reflecting the coarse and fine measurement grids. The vectors, figure 3.8a and b, show the strong

rotational flow associated with the vortex, the vortex center appearing at (0,0) R. Its absolute

location (0.18,-0.058)A is somewhat inboard of the generator tip, as one would expect (see table

3.4).

The structure of this rotating flow, most clearly shown in figures 3.9-3.12, consists of a

central core of high axial vorticity (figure 3.10), where there is a significant axial velocity deficit

(figure 3.9) and turbulence levels appear high (figure 3.11 and 3.12). Spectra to be presented
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below show the high turbulence levels within the core to be a consequence of core wandering

motions rather than true turbulence. Surrounding the core there is no substantial region of

axisymmetric turbulent flow. Instead the wake of the vortex generating wing wake is wound in

a loose spiral. This wake contains the un-rolled-up portion of the vortex sheet shed by the

generator and thus has a significant streamwise vorticity (figure 3.10). This, and the curvature

and straining of the wake in the rotational velocity field of the vortex, have a significant

influence on its turbulence structure.

Far from the core the turbulence structure of the wake is presumably much like that of

a two-dimensional wake (see for example Wygnanski et al. (1986)). Approaching the core peak

turbulence levels first rise as the wake begins to curve (figures 3.11 and 3.12) reaching a

maximum of _/U_ef -- 0.00035 and k/Uref 2 ---0.0005 near (0.2,0.4)R. They then fall by more than

a factor of two as the wake wraps 180 ° around the core to a minimum near z/c = -0.15. It is

unclear whether the fall continues from this point on or not because of the possible influence of

wandering on turbulence levels closer to the core.

A plausible explanation of the decrease in wake turbulence levels is that the vorticity,

rotational rate of strain and axial vorticity inhibit the formation of large scale coherent structures

in the wake. There is no equivalent explanation of the initial increase in turbulence levels. This

phenomenon has been seen before by Zsoldos and Devenport (1992) who found increases of up

to 50% in peak turbulence levels in the spiral wakes of a pair of interacting trailing vortices. One

possibility is that this effect has nothing directly to do with the influence of the vortex but is a

consequence of initial non-uniformity in the wake produced by the three-dimensionality of flow

over the generating wing. Alternatively it may be that the lengthening of the wake as it is wound

into a spiral initially causes some stretching and intensification of its spanwise turbulence

structures.

Mean-velocity and normal turbulence stress profiles along the line y=0 are presented in

figures 3.13 and 3.14. Near the vortex center (figure 3.14) the mean V profile shows a core radius

of 3.8%c and peak tangential velocity of 27% Uref, implying a core circulation of 27%F 0, F 0

being the root circulation of the wing calculated using lifting line theory. The axial velocity
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profile showsa deficit of 15%Uref at the corecenter- presumablya consequenceof thedragof

the generatingwing and the gradualdecay of the vortex (seeBatchelor(1964), Moore and

Saffman(1973)).The normalstresses,especiallyv/2 and w a, reach fairly substantial maxima

in the core of about 0.006 Uref 2. Spectra presented below show these maxima to be primarily a

consequence of the wandering motions, even though the implied magnitude of these motions is

small. Core motions of an r.m.s, amplitude of only 0.005c (7% core diameter) would be sufficient

to produce these entire stresses given the steep tangential velocity gradient in the core. In reality

the motions were probably smaller than this since some of these stresses would have been

produced by true turbulence.

Looking at these profiles on a larger scale in figure 3.13 we see the regions where they

cut the spiral wake. The wake produces shallow dips and inflections in the U and V profiles

respectively (at z/c=-0.2 and 0.35) and local maxima in the turbulence stresses. Overall the wake

structure seen in these profiles appears much like that observed and discussed by Devenport et

al. (1992).

Figure 3.15 and 3.16 compare mean tangential (V) velocity and circulation profiles

deduced from the above measurements with predictions from Betz's theory. Measured circulations

were calculated by assuming axisymmetry, i.e. as 2m'V. Betz's theory, described by Donaldson

and Bilanin (1975) and others, relates the spanwise distribution of circulation on a wing to the

radial distribution of circulation and tangential velocity in the tip vortex it sheds. It was applied

using the equations derived in appendix 1 and a lifting line theory calculation of the vortex-

generator circulation distribution. Wall interference effects were ignored in this calculation since

they should have been negligible. Betz's theory assumes potential flow and thus cannot account

for the presence of the core. It also assumes axisymmetry and so does not model the spiral wake.

of the vortex. Given these limitations it does a remarkably good job of predicting the tangential

velocity profile all the way in to the edge of the core (figure 3.15). The agreement is not as good

in the circulation profile (figure 3.16) primarily because of the large deviations in measured

circulation around z/c = 0.35 and -0.2 produced where the spiral wake cuts the profile. The
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non-axisymmetry of the real flow may also explain why the measured circulation profile falls

some 4 to 10% below Betz's at large radius.

Velocity autospectra were measured at a number of locations along the center of the spiral

wake and on a radial profile into the core, see figure 3.17(a). The spectra, normalized as

G_, G,, G,_ fc

where G is the power spectral density per Hertz and f is frequency in Hertz, are plotted in figure

3.17b through g. Furthest from the core, at point A the spectra look qualitatively like those of

a two-dimensional turbulent wake (see Wygnanski et al. (1986), Antonia and Britz (1989)). The

U spectrum (figure 3.17b), fairly constant at low frequencies, begins to roll off near fc/U_f = 2.

The roll off shows a clear inertial subrange (-5/3 slope) between fc/Ur, f = 2 and 20 and the

beginnings of a dissipation range (-7 slope) thereafter. The V and W spectra (figures 3.17d and

f) are similar except that they show a peak near fc/U_,f = 3.4. This peak, strongest in W,

presumably marks the typical passage frequency of large scale structures in the wake. Assuming

Taylor's hypothesis gives these structures a characteristic length scale of c/3.4, almost exactly the

width of the wake at this location.

Moving inward along the wake towards y/c = -.02, z/c = -.13 U spectral levels at low

frequencies, fc/Uref<10, fall monotonically (figure 3.17b). This tends to confirm our hypothesis

that the additional strain rates, curvature and embedded vorticity experienced by the wake nearer

the core center inhibit the formation of larger scale structures. At frequencies above fc/Uref=10

spectral levels remain almost unaltered, however. This is a little surprising and difficult to

explain, especially when one recalls that those parts of the wake near y/c=-.02, z/c=-.13 and near

y/c=0.41 and z/c=0.40 have developed under quite different conditions. Intuitively one would

expect the suppression of low-frequency motions to produce a drop in the amplitude of

high-frequency motions through the energy cascade. Obviously, this does not happen. Similar

effects are seen in the V and W autospectra (figures 3.17d and f). Here the loss of low-frequency

energy is closely associated with the flattening and eventual disappearance of the peak at fc/U_e f
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= 3.4. Thedevelopmentof this peakis obscured to a certain extent by the rotation of the wake

with respect to our rectangular coordinate system, which has a tendency to shift the peak from

the W to the V component over this range of positions.

Fairly dramatic changes are seen in those spectra measured in the final tail of the wake

and in the core region. At low frequencies fC/Ure f < 10 spectral levels increase, especially in the

V and W components, because of the coherent wandering of the core (figure 3.17e and g).

Because these motions are small the velocity spectrum they produce at different locations has

more or less the same shape. At higher frequencies, spectral levels fall by as much as an order

of magnitude. Within the core there is little sign of an inertial subrange in any of the components

but a dissipation range is clearly visible extending to relatively low frequencies. The implication

is that any turbulence inside the core is of low effective Reynolds number.

A striking feature seen in those spectra measured in or near the core center is a fairly

sharp spike at a frequency of about fc/Ure f = 5. In U this spike is strongest at z/c=.02. In V it is

clearest at the core center and edge; z/c=0.0 and 0.04. In W the peak at fc/Urer=5 only appears

at the core center (point P) - at the core edge (point N) a spike is seen but at approximately

double the frequency. After having considered many possibilities we are still mystified as to the

fluid mechanics producing these features, though we suspect that they are generated by some kind

of core wave. The frequency doubling in the W component would seem to rule out any type of

probe or sensor vibration as the source.

3.4 Flow over the blade

The leading edge of the blade was positioned 4 chordlengths downstream of the above

measurement location. The flow visualizations of figures 3.1 to 3.4 show the vortex center

passing the blade leading edge 85%c 2 from the tip (Y/c = 0.21), this distance varying by no

more than +__3%c with A. We therefore conclude there was an inboard movement of the vortex

of about 10%c between X/c=10 and this location.

ZThis distance was mis-stated by Rife et al. (1993) at 92%c.
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Figures 3.18 and 3.19 show the probable structureof the flow over the blade and

immediatelydownstreamasa function of A. With the vortex passing to the pressure side of the

blade (A<0 figure 3.18) it drifts inboard under the action of its image in the blade surface. The

rotational flow of the vortex has a strong influence on the local angle of attack of the blade c_.

Outboard of the vortex center o_is increased, inboard it is decreased. Judging from the tangential

velocity profile at X/c=10 (figures 3.13a and 3.14a) the effect could be as much as 15 ° close to

the vortex core, and about 2 0 at the blade tip. Bearing in mind the geometric angle of attack of

the blade of 5 °, o_ could be large enough outboard of the vortex center to cause local stall or at

least a substantial thickening of the suction side boundary layer. The changes in o_ with spanwise

distance Y along the blade should cause the shedding of streamwise vorticity from the blade

trailing edge. Outside the immediate vicinity of the core _Y is positive and thus positive

vorticity is shed. Only close to the core is negative vorticity shed. Downstream of the blade

trailing edge we would expect the vortex to interact with this shed vortex sheet and the blade tip

vortex. The flow visualizations showed the vortices to rotate about each other as a consequence

of their mutual induction. The influence of the vortex on the blade boundary layer is not limited

to angle of attack effects. Between its center and the pressure side of the blade the vortex induces

a spanwise flow that runs counter to the natural outwash on the blade. The negative streamwise

vorticity produced by the friction between this flow and the blade surface is the same as that

inferred from changes in the local angle of attack. Inboard of its center the vortex is tending to

lift this spanwise flow away from the blade surface. This would be likely to produce some

thickening of the pressure-side boundary layer here.

With the vortex passing the suction side of the blade (figure 3.19) its effects on the local

angle of attack and thus the shed vorticity distribution are qualitatively the same as those

described above. Other aspects of the flow structure, however, are not the same. First, the vortex

drifts outboard under the action of its image. Second, the spanwise flow that it generates is found

primarily on the suction side of the blade and is outward towards the tip (though this is still in

opposition to the natural inwash that would otherwise be found here.) Third, and perhaps most

significant, the vortex is rotating so as to lift the flow outboard of its center away from the
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suctionsidesurfaceof theblade.In contrastto thepressuresidecase,theoutward flow generated

by the vortex and the variations it produces in local angle of attack therefore act together here

to thicken the boundary layer and promote separation.

With the vortex stagnating on the blade leading edge it would still have the same effects

on local angle of attack and shed vorticity described above. Its other effects on the boundary

layer structure are hard to predict without detailed knowledge of the fate of the vortex core.

Assuming the flow visualizations are accurate in this respect and the vortex core splits in two,

one would expect the flow structure to be a combination of that drawn in figures 3.18 and 3.19.

No measurements were made over the blade surface to confirm the above discussion.

However, measurements were made just (0.33c) downstream of the trailing edge with the vortex

passing the pressure side of the blade. The blade-vortex separation for this case was A/c =

-0.0625. Measurements made in grids at this station are presented as vectors and contours in

figures 3.20 to 3.27. In addition to those properties plotted for the approach vortex contours of

turbulence shear stresses "ca/U,_f2 and '_J,_t 2 and of turbulence kinetic energy production Pc/Uref 3

are presented 3. "carepresents the magnitude of the shear stresses associated with the axial velocity

component V/u-_v/2+u-'_w12, this quantity being invariant under rotation about the X axis. 1:c

represents the cross flow shear stress v/w / rotated such that v' lies in the local mean cross-flow

direction and w' normal to it. P is turbulence kinetic energy production neglecting streamwise

derivatives,

T av a_v/ (8)

Note that all quantities except P are plotted on two scales corresponding to the coarse and fine

grid measurements. The coarse grid spacing was too large for accurate estimates of P.

3 Note that, due toa computer programming error, shear stress measurements were not
recorded for the inflow plane.
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Thecontoursof turbulencequantitiesandstreamwisevorticity (figures3.22to 3.27)show

the bladeto havecut the spiral wakeof the vortex generatorin two, the core lying just to the

pressuresideof the bladewake.Due to the influenceof its imagein the bladesurfacethe core

hasindeeddrifted inboard.The meanvelocity vectors(figure 3.20aandb) showthe core to be

centeredat (0.02,0.04)R (0.33,0.02)A,94%Cinboard of the blade tip. This indicates a total

spanwise(Y) drift over the blade of 9%c inboard, in approximateagreementwith the flow

visualizations,seetable3.3.

The flow structurein this planemaybe split into threefairly distinct regions;the spiral

wake,the bladewakeandthe vortexcore.Qualitatively the spiral wake appearslittle different

thanat X/c=10, exceptfor havingbeencut in two. Turbulencekinetic energyandaxial normal

stresslevelsstill fall with distancealong the spiral towardsthe core (figures 3.24aand 3.23a).

Axial and cross-flow turbulenceshearstressmagnitudes(figures 3.25aand 3.26a)also drop.

Overall turbulencelevels in the spiralare lower thanat X/c=10, but this is probablydue to the

naturaldecayof the turbulenceratherthananyeffect of the blade.

By contrast,flow propertiesin thebladewakerevealmuchabouttheflow over theblade

surfaceandthe influenceof the vortex uponit. Thebladewakeis, not surprisingly,a region of

intenseturbulentactivity wherek, u a, axial shear stress magnitude 't a and turbulence production

P reach relatively large values (3.23, 3.24, 3.25 and 3.27). It is also a region of substantial

cross-flow shear stress a:c (figure 3.26) presumably associated with a significant amount of

streamwise vorticity embedded within it (figure 3.22a) and of significant axial velocity deficit

(figure 3.21). As might be expected from our arguments above, the properties of the wake appear

quite different inboard and outboard of the vortex core. Most obvious is the fact that the wake

is thicker and more turbulent outboard of the vortex center than inboard. This thickening is

presumably due to the predicted effects of the vortex on the local angle of attack. Lifting of fluid

away from the blade surface by the rotational motion of the vortex may also increase the wake

thickness inboard of the vortex center, but this effect is clearly smaller here. Both inboard and

outboard of the core the positive streamwise vorticity shed from the blade is visible in its wake

(figure 3.22a). This vorticity is associated with significant negative cross-flow shear stress (figure
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3.26a).Interestingly thereis alsoa thin regionof positivecross-flowstresson the suctionside

of the outboardpart of the wake(figure 3.26a,z/c=-0.12y/c<0).We speculatethat this may be

due to early separationof the boundarylayer from thebladesurfaceunder the influenceof the

vortex. The negativevorticity shedin the vicinity of the core is also visible, near(0.1,0)Rin

figure 3.22.Thisnegativeregionappearsto form partof atongueof relatively turbulentfluid that

extendsaroundtheperipheryof thecore from the wakeon its inboard side(figures 3.23,3.24,

3.25,3.26).Theimplication is that this fluid in theprocessof beingingestedinto the core.

Turbulencelevelsin thecorecenterappearsomewhatlower thanat its edge,presumably

becauseof thestabilizingeffectsof rotation.Productionhereis alsostronglynegative,therebeing

a strongpositiveregionbetweenthecoreandbladewakeat (0.02,-0.02)R,figure 3.27.Note that

a portion of this production could be due to coherentmotions of the core rather than true

turbulentmotions.

A Z-wiseprofile of meanvelocity andReynoldsstresscomponentsmeasuredthroughthe

vortexcorebladewakeandvortexcoreat y/c=0is plottedin figures 3.28and3.29.TheU-profile

(figure 3.28aand3.29a)showsthe axial velocity deficit in the corewhich occupiesthe region

betweenz/c=-.01and .12.At most locationswithin this region the deficit is larger than in the

approachvortex (figure 3.14a).The maximum, of about 19% U_f occurs off center, near

z/c=-.025.This sameprofile alsoshowasubstantialdip, nearz/c=-.045associatedwith theblade

wakeandlesserminimacenteredatz/c=0.5and-0.25associatedwith thevortex generatorwake.

Correspondingmaximaarevisible in the turbulencestressprofiles.

The tangential velocity profile, visible in the V componentshowsa peak tangential

velocity %1 of 0.19Ure f (compared with 0.27 Uret upstream) and a core radius rl of 3.1%c

(compared to 3.8%c upstream). The apparent decrease in core radius may be due to the core

having become non-circular as a result of interaction with its image. Trailing vortex pairs do tend

to develop elliptical cores, see Zsoldos and Devenport (1992) and references therein. The implied

core circulation 2rtr_% is only 16% of the root circulation of the vortex generator F o, compared

to 27%Fo upstream. This low value implies that some of the negative vorticity produced on the

blade surface and shed into its wake has become ingested into the core, even at this early stage.
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Many previous authors have observed the loss of core circulation that results from

vortex/boundary layer interaction, see for example Shabaka et al. (1985).

Figures 3.28b and 3.29b show the region of elevated turbulence stresses around the core

to be significantly broader than at X/c=10. However, peak W and V normal stresses (.0047Uref:

and .003Uref 2 respectively) are lower. In making this comparison it should be remembered that

almost all the normal stress in the core at X/c=10 was attributed to coherent vortex wandering

motions, based on autospectra and the fact that the variations in normal stresses here are similar

to those of the mean velocity gradient. This may not be the case here where the normal stresses

reach broad maxima and are approximately constant in the core region, despite the fact that the

mean-velocity gradients vary substantially. Furthermore "_/U_ reaches approximately the same

value as va]U_ and w/Z]U_ although the crossflow gradients of V and W are muchmaximum

larger than those of U.

U, V and W autospectra measured at representative locations over the cross section are

presented in figure 3.30. Figure 3.30a shows the locations. Figures 3.30b, d and f show those

spectra measured furthest from the vortex core. These fall into two groups depending on whether

they were measured in the vortex generator or blade wakes. Spectra from the generator wake

(points A,B,D,E,F, and G) are very similar to those measured in this wake at X/c= 10. Their shape

is the same and they show the same fall in low-frequency spectral levels as the core is

approached. The only difference is that these spectra are shifted to slightly lower frequency and

energy as a consequence of the growth and decay of the wake between these two locations. The

peak in the V and W spectra attributed to the typical passage frequency of large scale structures

is centered at fc/U_ee=2.7 compared to fc/U,_f=3.4 at X/c=10.

The two spectra from the blade wake (points C and H) are of much higher characteristic

frequency and energy because of the much shorter distance over which this wake has grown. This

distance, 0.33c, is probably not sufficient for the transition from boundary layer to wake to have

been completed which may explain why these spectra have a more rounded appearance than those

of the generator wake. Both W autospectra show peaks that can be attributed to large-scale
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structures.Outboardof thevortexcore,at point C,thepeaklies ata frequencyfc/Uref=5.Inboard,

at point H, it occursat fc/Ure_=6.7.This differenceis consistentwith the wake being thickeron

theoutboardsidedueto theeffectsof thevortexon the localangleof attack.AssumingTaylor's

hypothesisis valid thesefrequenciesimply lengthscalesof 0.cand0.15crespectively.The ratio

of theseis closeto theratio of bladewakethicknessesat thesetwo locations,asjudged from the

turbulencekinetic energycontours.

Figures3.c,e andg showthosespectrameasuredin thevicinity of thevortexcore.Points

I throughL appearto beassociatedwith the innerpart of thevortex generatorwake.The peak

in theV andW spectrashowsa slight shift to higher frequenciesasthecore is approachedand

a peakappearsin the U spectrum.Similar effectswere observedin the vicinity of the coreat

X/c=10. The spectraat pointsM andN havethe more roundedappearanceof the bladewake

spectrum(seeespeciallyGvv,figure3.30e).Thesepointspresumablylie in thering of bladewake

fluid apparentlyentrainedby the core that was observedin the contour plots of turbulence

stresses.Theonly point lying within thecoreis point O. At (0, 0.02c)it is 2.8%cfrom the core

center,thecoreradiusbeing3.3%c.Unlike the spectrameasuredinside thecoreupstreamof the

blade this spectrumhasa clear -5/3 region in all components.Also, spectrallevels at high

frequenciesare either of similar to or greater than those measuredoutside the core. The

implication hereis that the bladevortex interactionsubstantiallyaltersthe turbulencestructure

of thecore, increasingtrue turbulencelevelsand theeffectiveturbulenceReynoldsnumber.At

low frequenciesspectrallevelsareat least slightly lower than thoseat correspondinglocations

in theapproachvortex, suggestingsomereductionin the amplitudeof wanderingmotions.

3.5 Flow downstream of the blade as a function of A.

In this section we present and discuss the measurements made at X/c=30 for A/c = -0.125,

-0.0625, 0, 0.0625 and 0.125. These measurements reveal not one the structure of the primary

vortex following its interaction with the blade but also that of the tip vortex shed by the blade.

3.5.1_Velocity grids
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Figures3.31to 3.38showcrosssectionsthrougheachof theseflows in termsof velocity

vectorsandcontours4.Thesefigures showboth theprimary vortex andthebladetip vortex.The

meanvelocity vectors(figures 3.31)showthe sumof thesetwo secondaryflow velocity fields,

andarethusarenotuseful for distinguishingthe vortices.However,the contoursof streamwise

vorticity (figure 3.33)clearly showthelocationsof theprimary andbladetip vortexcores.In all

thesefiguresthebladetip vortexcoreis locatedtowardsthetop left handcornerandtheprimary

vortex coretowardsthe center.Therelativeandabsolutelocationsof the corecentersare listed

in table3.4 andplotted in figure 3.39.This figure showsthemovementof thevorticesasA was

varied by moving the blade. In the absence of any interaction the blade tip vortex would move

exactly with A and the primary vortex would remain fixed. Instead the blade tip vortex core

moves considerably less than the blade, by 0.1c for a change in A of 0.25c. Presumably this is

because of the rotation of the blade tip and primary vortices about each other. Rotation apparently

plays a large part in determining the location of the primary vortex as well. For A<0 (pressure

side passage) the core ends up at a substantially lower Y than if ,5>=0. This is exactly the

opposite of the situation at the blade trailing edge, as seen in the flow visualizations and

illustrated in figures 3.18 and 3.19. Here the position of the primary vortex core is determined

by its drift across the blade under the action of its image. The drift is inboard (+Y) for A<0 and

outboard (-Y) for A>0.

The vorticity contours also give some idea of the degree of organization in the primary

vortex core. Following the impingement of the vortex on the blade leading edge (,5/c=0, figure

3.33c) the vorticity in its core is relatively weak and is spread out over a non-circular region

aligned approximately with the blade wake. With the vortex passing just to the pressure side of

the blade (A/c=-0.0625, figure 3.33b) it is only slightly more organized, the peak vorticity at its

center being about 50% greater than for A/c=0. A more substantial change is seen between

_c=-0.0625 and -0.125 (figure 3.33a) where the vorticity of the core is much more intense and

4Contours of turbulence kinetic energy production are only plotted for zx/c=-0.0625

since in all other cases the grid resolution was too coarse for the appropriate derivatives to

be estimated accurately.
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axisymmetric.With the vortexpassingto the suctionsideof the blade (figures 3.33dand e) a

similarbut morerapidchangeis seen.Thecoreappearsasorganizedandintensefor Mc=0.0625

(figure 3.33d)aswith the vortexpassingtwice the distancefrom the pressuresideof theblade.

In noneof thesecasesis theregionof negativevorticity producedby theblade-vortexinteraction

visible, suggestingthat it is quickly cancelledby positivevorticity in the core. (Note that some

small regionsof negativevorticity are seenadjacentto the blade vortex core in someof the

figures,but theseappearto be a consequenceof the limited grid resolution.)

Thecontoursof u a and k (figures 3.34 and 3.35) show a similar effect in the turbulence

distributions. For ,5/c=0 turbulence levels are elevated over a large non-circular region in the

vicinity of the primary vortex core. With increase or decrease in A the region shrinks but

turbulence levels at the core center rise, presumably as a consequence of the steeper

mean-velocity gradients in the more organized core coupled with coherent wandering motions.

The flow structure around the core is in all cases quite different then for the approach vortex.

Gone is the loose spiral of the vortex generator wake and, if anything, the core appears well

imbedded in the blade wake. The two wakes may be most easily distinguished inboard of the

core. For all values of A the vortex generator wake appears below the blade wake, though the

distance between the two shrinks with increase in A. For _/c>=0 they are close enough to

overlap.

Outboard of the primary vortex core a highly curved section of blade wake connects it

to the blade tip vortex. Qualitatively the turbulence structure of this section of wake and the blade

tip-vortex core is similar to that seen in the spiral wake and core of the approach vortex.

Turbulence kinetic energy and axial normal stress levels fall with distance along the wake

towards the core presumably because of the suppression of large scale turbulent structures by the

greater curvature and straining of the mean-velocity field. In the vicinity of the core they then

increase as a consequence of coherent wandering motions. Quantitatively, however, turbulence

levels in this part of the flow are a strong function of A, increasing monotonically with this

variable. Consider, for example, u/2 levels in the most elevated (i.e. most negative z) section of
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the bladewake.For A/c=-0.125(figure 3.34a)ua reaches a peak value of about 1 x 10 _ here.

For _c=0.125 (figure 3.34e) the peak value is about 3.5 times greater. Effects of similar

magnitude are visible along this entire section of wake and in the blade tip vortex core. The only

satisfactory explanation of this effect appears to be in the influence of the primary vortex on the

blade boundary layer. As discussed above, with the vortex on the pressure side of the blade

(negative A) local angles of attack outboard of its core are increased and therefore so is the

thickness and intensity of the blade wake. As A is increased to zero the magnitude of this effect

should increase producing the more turbulent section of blade wake seen here. For positive A

(vortex passing to the suction side of the blade) the lifting of fluid away from the blade surface

by the vortex acts in concert with the increase in angle of attack to further thickening and

intensifying the blade wake.

The contours of axial and cross-flow shear stress are more difficult to interpret (figures

3.36 and 3.37) since in most cases the grid resolution is really not sufficient to reveal the detailed

spatial variations of these quantities. At most one can infer that '_aand x¢ reach large magnitudes

in the vicinity of the vortex cores. For the most part x¢ is negative but some intense positive

regions are visible near the vortex cores, especially for A>0. One exception to this limitation is

the case A/c=-0.0625 for which a fine grid of measurements were made in the vicinity of the

primary vortex core (figures 3.36b(ii), 3.37b(ii) and 3.38). Here we see the core to be bordered

above and below by strip shaped regions of high shear stress and turbulence kinetic energy

production aligned approximately with the blade wake. This may be an effect of the primary

vortex stretching the blade wake as it rolls it in. Stretching would tend to intensify any spanwise

structure remaining in the wake and turbulence levels associated with it.

3.5.2 Velocity profiles

Z-wise profiles of mean velocities and Reynolds stresses measured through the primary

vortex core for A/c=-0.125, -0.0625, 0.0625 and 0.125 are shown in figures 3.40 and 3.41. The

arrows in these figures mark the core center locations. Detailed views of the core regions are

shown in figures 3.42 and 3.43.
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Theaxial velocity deficit in theprimary vortexcoreis clearlyvisible in thesefigures.Its

dependenceon A is illustrated in figure 3.44. Between z_/c=-0.125 and -0.0625 the deficit at the

core center falls from 10.2%U_f to 6.3% but the size of the region affected by the deficit grows.

The reverse occurs for A/c>0, the peak deficit rising from 7.2%U_f at zX/c=0.0625 to 13.8%U_e f

at _/c=0.125. These observations are consistent with a lower blade-vortex separation resulting in

a more diffuse and less organized core. Note that the peak axial velocity deficit for the approach

vortex was 15%Ure f.

Far less clear in these plots is the tangential velocity profile of the primary vortex. The

V component profile, where it should be visible, also contains substantial contributions from the

velocity field of the blade tip vortex. Assuming this superposition to be linear the influence of

the blade tip vortex may be subtracted out. All that is required is an independent estimate of its

velocity field. We used Betz's theory to provide this estimate, applying it to the theoretical

circulation distribution on the blade. Out of necessity the influence of the primary vortex upon

the blade circulation distribution was ignored. The estimated velocity field, centered at the

measured location of the blade tip vortex, was then subtracted out of the V profile. Figures 3.45

and 3.46 show the results of the subtraction in terms of measured tangential velocity profiles and

circulation profiles estimated from them assuming axisymmetry. All profiles are compared with

the measurements and Betz's theory estimates for the approach vortex.

These figures show the peak tangential velocity of the primary vortex to be substantially

lower and the core radius to be greater at X/c=30 than upstream of the blade. Peak tangential

velocity vol/Ure _, core radius rl/c and core circulation F1/F o are plotted as functions of _/c in

figure 3.47 and listed in table 3.5. Consistent with our observations above v0_ falls and r_

increases as the blade vortex separation falls. The magnitude of these changes is larger for

pressure side passage. Despite the substantial changes in v01 and r_ the core circulation remains

surprisingly constant at 15-17%Fo between zS/c = -0.125 and 0.0625, rising to 23%F o at

Mc=0.125. These compare with 27%F o for the approach vortex. It may be that there is a

substantial range of blade vortex separations over which the amount of negative vorticity shed

by the blade and ingested into the core is roughly constant.
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The agreementbetweentheseprofiles and the prediction from Betz's theory is, on the

whole,very poor evenat largeradius.At first we wereconcernedthat thispoor agreementwas

dueto inaccuraciesin theprocedureusedto subtractthe influenceor thebladetip vortex.To test

this hypothesiswevariedtheroot circulationusedin calculatingthebladetip vortexandrepeated

thesubtractionprocess.As canbeseenfrom a comparisonof figures 3.46and3.48 this hadlittle

effect.The poor agreementwith Betz'stheoryhastwo explanations.Firstly, it is quite possible

that the interactionwith the bladecausesa changein the overall circulation distribution of the

vortex - lines of vorticity associatedwith the trailing vortex could join to some of those

associatedwith theboundvortex on theblade (the lossof corecirculation is directevidenceof

this). Secondly,evenwith thevelocity field of the bladetip vortexsubtracted,flow downstream

of thebladeis unlikely to havebeenvery axisymmetricandthuscannotreally becomparedwith

Betz's results.This secondsuggestionappearsto be supportedby the measuredcirculation

profiles of figure 3.46. Theseprofiles, calculatedassumingaxisymmetry, show erratic and

unlikely variations in the total vortex circulation, from 35%1"oat _/c=-0.125 to 70%Foat

,_/c=0.125.

Figures3.41and 3.43show theturbulencestressdistributionsin and aroundthe vortex

core.Consistentwith thecontours,peakstresslevelsin thecorerisewith blade-vortexseparation

while the regionwithin which the stressesareelevatedshrinks.The rise in stresslevels with

separationis most likely a consequenceof coherentwanderingmotions,the motionsbecoming

moreimportantasthecorebecomesmoreorganizedandthevelocity gradientswithin it increase.

Figures3.49 to 3.52showZ-wise velocity profiles throughtheblade tip vortexcore for

all valuesof A. The z locations of the core centers are marked by the arrows in these plots. In

the vicinity of the core these profiles are qualitatively are very similar to those of the approach

vortex. Quantitatively some small differences are apparent. The peak tangential velocity is

33---2%Ure f compared to 27%Uref in the approach vortex. The core radius is 4.5%c compared to

3.8%c, the rms amplitude of coherent core motions implied by the peak normal stresses in the

core center 0.8%c compared to 0.6%c and, the peak axial velocity is 11_+2% compared to 15%.

The '_+' sign here indicates the range of variations with A. Most of these are small enough to be
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a result of differencesin the exactpathof theprofile throughthe vortex core.As is evidenced

by the relatively largeW componentvelocitiesseenin the corein someof the cases(especially

_c=__.0.0625)not all the profilespassedexactly throughthecorecenter.

In figure 3.50regionswheretheprofiles cut throughpartsof thesurroundingbladewake

maybeseen(at z/c=-.9in figure 3.50a,for example).Comparingtheseregionsclearlyshowsthe

increasein blade wake turbulencelevels with A observedin the grid measurementsabove.

Between_c=-0.125 and0.125theincreasein both normalandshear-stresslevels is asmuchas

a factor of three.

3.5.3 Velocity autospectra

Autospectra normalized on Ur_e and c are presented in figures 3.53 to 3.57. As indicated

in part 'a' of these figures a majority of the spectra were measured either in parts of the vortex

generator or blade wakes and thus are similar in form. All show inertial subranges in the U

component near fc/Ur_ e = 5 and peaks in the V or W components depending on the local

orientation of the wakes. At higher frequencies fc/U,_f > 20 the beginnings of a dissipation range

can also be seen. While the blade and vortex generator wakes are very similar in shape they have

different characteristic frequencies, defined by the location of the peak in the V or W spectrum.

This difference is most clearly seen by comparing the W spectra measured at points A and I for

_c=-0.125 (figures 3.53f and g). The frequencies are fcFUra= 1.8 in the vortex generator wake and

on fcFUref=2.8 in the blade wake. The difference is smaller than at X/c=15.33 because the

frequency scale of a wake develops as the square root of the distance over which it as grown.

In contrast to the undisturbed vortex, spectral levels at nearly all frequencies are higher

in the primary vortex core than in the surrounding flow (e.g. point H, figure 3.53). Except for

A/c=0.125, the core U spectra also show substantial inertial subranges suggesting the presence

of a well developed energy cascade. Some of the V and W autospectra even show peaks like

those seen in the surrounding blade wake (see point H in figure 3.54f, point E in figure 3.55d

and point G in figure 3.56d). For _c=0.125 the core spectra (figure 3.57 point H) lie somewhere

between those seen at lower _/c and in the approach vortex. No -5/3 region is visible and spectral
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levels at high frequencies fc/Urcf>20 are lower than in the immediately surrounding flow, although

by not as much as in the approach vortex. The behavior of the core spectra at very low

frequencies fc/Ura<2 shows the degree to which core which core wandering contributed to the

Reynolds stresses. For _/c=0.125, -0.125 and, to a lesser extent 0.0625 (figures 3.53, 3.57 and

3.56) low-frequency spectral levels rise much more than high-frequency spectral levels as the core

center is approached, indicating core motions to be important in these cases. For `5/c=-0.0625 and

0, however, the increase in spectral levels at low and high frequencies is of the same magnitude.

As already noted core wandering is likely to be have been less important in these cases because

the core was larger and the mean-velocity gradients within it weaker.

Parts c, e and g of these figures show the development of the velocity spectrum along the

blade wake and into the blade tip vortex core. The increase in blade wake turbulence levels with

A appears to be accompanied by some change in the spectral shape, see point M in figures 3.53

and 3.57. At high frequencies fc/Ure_>50 spectral levels are almost the same at these two points.

At low frequencies, however, spectral levels are as much as an order of magnitude lower at

`5/c=-0.125. At low frequencies the spectra for `5/c=-0.125 also have more rounded appearance

and show no clear peak in either the V or W components. The implication is that with increasing

,5 this part of the blade wake becomes more organized and its large scale structure more

important. Moving on into the blade tip vortex core (e.g. figures 3.53 and 3.54 points O and P)

the velocity spectrum develops in much the same way it did in the approach vortex. Spectral

levels at low frequencies increase dramatically due to core wandering. Spectral levels at high

frequencies fall due to spin stabilization and a large dissipation range appears extending down

to relatively low frequencies. Note that for _c=0 none of the spectrum measurement locations

fell within the blade tip vortex core.

3.6 Flow downstream of the blade as a function of x.

In this section we present measurements made at X/c=22.6 for A/c = -0.0625 and 0.0625

and use them along with the data presented above to discuss the streamwise development of the

vortex downstream of the blade.
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3.6.1 Vel?¢ity grids

Figures 3.58 through 3.65 show the velocity vectors and contours of turbulence quantities

measured at X/c=22.6. The locations of the vortex cores are most clearly seen in the streamwise

vorticity (figure 3.60). The core locations are listed in table 3.4 and plotted in figure 3.66 along

with data from other streamwise stations. This figure reveals the rotation of the blade tip and

primary vortices about each other and the approach of their cores. For A/c=-0.0625 (figure 3.66a)

the line joining the vortex centers rotates some 49 ° and shortens from 0.75c to 064c between

X/c=22.6 and 30. For _c=0.0625 (figure 3.66b) this line rotates only 32 ° and shortens from 0.73c

to 0.72c over the same distance. These differences are probably due to the vorticity distribution

around the primary vortex core. For A/c=-0.0625 (figure 3.60) this is considerably weaker and

more spread out indicating a less organized core, much as at X/c=30. As illustrated by Rossow

(1977) the vorticity distributions of vortex cores can exert a strong influence over how they

interact.

The contours of vorticity and turbulence quantities reveal flows much more like those seen

at X/c=30 than at X/c=15.33. The vorticity contours show no sign of the region negative vorticity

shed from the blade. The turbulence contours show the primary vortex core to be surrounded by

the blade wake, apparently disconnected from the vortex generator wake. Between the primary

and blade tip vortices, turbulence levels in the blade wake are a function of A, increasing by

about 30% between A/c=-0.0625 and 0.0625. Overall turbulence levels are higher at this location

than downstream, but this is simply because of the shorter distance over which the flows have

developed.

Perhaps the clearest views of the streamwise development of these flows are given in

figures 3.67 and 3.68. Here all the contours of turbulence kinetic energy measured between

X/c=10 and 30 in each flow are plotted together. This figure highlights the dramatic enlargement

of the region of high turbulence levels around the vortex core as a consequence of its interaction

with the blade. Also visible is the interaction between the vortex, blade wake and blade tip

vortex, and the changes in blade wake turbulence levels with A.

3-21



PerpendicularBVI Part I

3.6.2 Velocity

Z-wise profiles of mean velocities and Reynolds stresses measured through the primary

vortex core for Mc=__.0.0625 figures 3.69 and 3.70. The arrows in these figures mark the core

center locations. Detailed views of the core regions are shown in figures 3.71 and 3.72.

The core axial velocity deficit profiles are similar in form to those measured under the

same conditions at X/c=30. The deficits are, however, larger by about 50% and confined to a

smaller radius. Comparison with profiles measured at other streamwise locations (figures 3.73a

and b) shows these differences to be part of the rapid diffusion of the core downstream of the

blade. For z_/c=-0.0625, for example, the peak deficit is 19% at X/c=15.33, 10% at X/c=22.6 and

6.3% at X/c=30. Despite this rapid change the axial velocity profiles retain a remarkably

self-similar form, as illustrated in figure 3.74. This figure also shows close similarity among

profiles measured at other blade-vortex separations and upstream of the blade.

As before the tangential velocity profiles in the core are obscured by the super-imposed

velocity field of the blade tip vortex. Subtracting out that velocity field using the procedure

described above gives the tangential velocity and circulation profiles shown in figures 3.75 to

3.78. These figures include tangential velocity profiles from other streamwise locations as well

as our Betz's theory estimates and measurements for the approach vortex at X/c=10.

These figures show the rapid growth of the core and decay of the peak tangential velocity

caused by the blade. For A/c=-0.0625 v01 decays from 27.2%Ure f at X/c=10 to 19.4% at

X/c=15.33 and then 6.1% and 4.5% at X/c=22.6 and 30 respectively. A similar but slightly

slower change is seen for Mc=0.0625. Despite these variations, the tangential velocity profiles

remain remarkably self similar, like those of axial velocity deficit, see figure 3.79. Figure 3.80

shows the corresponding variations of core radius and circulation (see also table 3.5). The effects

of the blade on the core radius appear consistent with what was observed in the flow

visualizations; i.e. in the immediate vicinity of the blade the interaction appears to have little

effect on the core radius, it is only downstream, when the vortex encounters the blade wake that

the core growth rate increases. For Nc=-0.0625 the radius initially falls slightly from its upstream

value. It then begins a rapid growth, however, quadrupling its size by X/c=30. There is no sign
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at this point that the growth hasstopped.For A/c=0.0625the rapid growth doesnot appearto

begin until later (somewherenearX/c=22.6), reducing the size of the core seenat X/c=30.

Obviously more data is neededto establisha useablefunctional relationshipbetween the

parametersof the bladevortex interactionand the resultingcore radiusat a given streamwise

station.However,ahint asto theform of sucharelationshipis apparentin theflow visualization

results of figure 3.5. Replotted in figure 3.81 these data show an approximately inverse

relationshipbetween'divergenceangleof bubblestreammarkingthe core' (hopefully indicative

of averagecoregrowthrate) andA.

Bearingin mind therapid variationsin peaktangentialvelocity andcoreradius,thecore

circulation (figure 3.80b) is remarkablyconstantdownstreamof the blade. In both casesit

remainscloseto 16%.Along with the lack of variationin corecirculation with A, these results

suggest the possibility of a simple method for accounting for the effects of the blade on core

circulation in a calculation, viz. if the core passes closer than a certain distance from the blade,

the core circulation is reduced by a fixed amount.

As before the agreement between the circulation and velocity profiles and the prediction

from Betz's theory is very poor even at large radius. Changes in the circulation distribution of

the vortex as it passes the blade and non-axisymmetry of the flow again seem to be the most

likely explanations.

Figures 3.70b and 72b show the turbulence stress profiles in the core at X/c=22.6. For

A/c=0.0625 peak stress levels in the core are substantially higher than for z_/c=-0.0625 but are

concentrated over a smaller region, consistent with what was seen at X/c=30. A comparison with

core profiles measured at other locations shows a general reduction in peak levels downstream

of the blade. For example, for A/c=-0.0625 the peak "_]U_¢ is .009 at X/c=10, .0047 at

X/c=15.325, .0013 at X/c=22.6 and .0007 at X/c=30. In considering these numbers it should be

remembered that almost all the normal stress at X/c=10 was attributed to coherent vortex

wandering motions, based on autospectra measured in the core. The reduction in peak stress

levels with x therefore probably has more to do with the rapid diffusion of the core mean-velocity

gradients than with true turbulence levels. In fact, spectral measurements presented above and
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below suggestthat trueturbulencelevelswithin the coremay havebeensubstantiallylarger at

X/c=22.6and30.

Figure3.82to 3.85showsmeanvelocity andturbulencestressprofiles throughtheblade

tip vortex core at X/c=22.6 for Nc=-0.0625 (profiles were not measured for Mc=0.0625).

Qualitatively these are very like those of the blade tip vortex core at X/c=30. Quantitatively some

small differences are apparent. The peak tangential velocity slightly higher, at 36%Uref • The core

radius and apparent rms amplitude of coherent core motions are a little smaller, at 4.3%c and

0.56%c respectively.

3.6.3 Velocity autospectra

Autospectra are presented in figures 3.86 and 3.87. As at other locations the majority of

the spectra were measured either in parts of the vortex generator or blade wakes and thus are

similar in form. All show inertial subranges in the U component near fcFU,_f = 5 and peaks in the

V or W components depending on the local orientation of the wakes. The characteristic

frequencies of the blade and vortex generator wakes are most clearly seen in the W spectra

measured inboard of the primary vortex core, at points A and I in both cases (figures 3.86f and

g for A/c=-0.0625 and figures 3.87f and g for A/c=0.0625). The frequencies are fc/Uref=2.3 and

3.5 for the vortex generator and blade wakes respectively. These are, as one would expect, higher

than the corresponding frequencies at X/c=30. The flow structure in and around the primary

vortex core (points F, G and H figure 3.86, points E and F figure 3.87) is similar to that seen at

X/c=30. Spectral levels at all measured frequencies are higher in the core center than in the

surrounding flow and the spectra here show substantial inertial subranges suggesting the presence

of a well developed energy cascade. The behavior of these core spectra at very low frequencies

fc/Uref<2 shows the degree to which core wandering contributed to the Reynolds stresses. For

A/c=0.0625 (figure 3.87) low-frequency spectral levels rise much more than high-frequency

spectral levels as the core center is approached, indicating core motions to be important in this

case. For Nc=-0.0625, however, (figure 3.86) the increase in spectral levels at low and high
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frequenciesis of the samemagnitude.Corewanderingis likely to behavebeenlessimportant

in this case

Thosespectrameasuredin andaroundthebladetip vortexandwakearesimilar to those

seenhereat X/c=30.Approachingthecore(pointsJ to M figure 3.86,pointsM to O figure 3.87)

thebladewakespectrashowa graduallossin energyat low frequencies,presumablybecauseof

thesuppressionof largescalestructuresin thestrainingandhighly curvedflowfield of thevortex.

Enteringthe core (points N to P figure 3.86,and point P figure 3.87) spectrallevels at low

frequenciesgreatly increasebecauseof coherent wanderingmotions. At high frequencies,

however,spectrallevels fall anda largedissipationregionappears.
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A/c x/c Measurements

10 a,c,e

-0.125 30 a,c,d,e

-0.0625 15.33 a,b,c,e

22.6 a,b,c,d,e

30 a,b,c,d,e

0 30 a,d,e

0.0625 22.6 a,c,e

30 a,c,d,e

0.125 30 a,c,d,e

Key:

a - Grid of mean velocity and turbulence stress measurements to show overall flow structure

b - Refined grid in vicinity of primary vortex core

c - Detailed z-wise profile through the primary vortex core

d - Detailed z-wise profile through the blade tip vortex core

e - Spectra in blade and vortex generator wakes and vortex cores

Table 3.1 Conditions, locations and types of velocity measurements made.
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Wakeregions Core edge Corecenter

U/U_f 0.015 0.015 0.014

V/U_f 0.025 0.025 0.024

W/Ure f 0.025 0.024 0.023

-_]Ub 3.1x10 "6 1.4x10 -5 4.3x104

-_]Ub 9.5x 10 .6 1.5x 10 "s 1.7 x 10 .4

"_]U_¢ 9.9x 10 "6 2.0x 10 .5 1.6x 10 .4

4.3 x 10 .6 1.4x 10.5 1.2x 10 .4

4.5X10 6

2.9xi0 "6

2.3X104

8.5x10 6

5.2x104

1.0x 10 .4

Table 3.2 Typical uncertainties in hot-wire measurements.
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A/c 1 2 3 4

-0.125 0.031 0.031 0.05 0.23

-0.063 0.031 0.047 0.08 1.50

0.0 0.016 0.031 - 3.15

0.063 0.023 0.031 -0.09 0.81

0.125 0.031 0.031 -0.05 0.41

Table 3.3. Table of flow properties compiled from flow visualizations of Rife et al. (1990) for

cases in which hot-wire measurements were made. (1) maximum amplitude of core wandering

in y direction (chords) (2) maximum amplitude of core wandering in z direction (chords) (3) total

spanwise drift of vortex between leading and trailing edges of blade (chords) (4) Divergence

angle of bubble stream marking vortex core after encountering blade (degrees).
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(a) Primary vortex core

A/c X/c y/c z/c Y/c Z/c

10 0.0 0.0 0.18 -0.06

-0.125 30 -0.36 0.05 -0.18 0.36

-0.0625 15.33 0.02 0.04 0.33 0.02

22.6 0.12 0.1 0.11 0.28

30 -0.29 0.06 -0.18 0.36

0 30 0.01 0.16 0.07 0.40

0.0625 22.6 0.30 -0.03 0.23 0.15

30 -0.07 0.10 0.11 0.41

0.125 30 0.05 0.16 0.11 0.40

Table 3.4 Relative and absolute locations of vortex core centers
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(b) Blade tip-vortex core

_C X/c y/c Z]C Y/c Z/c

-0.125 30 -0.32 -0.64 -0.14 -0.33

-0.0625 22.6 -0.34 -0.49 -0.35 -0.31

30 -0.28 -0.58 -0.17 -0.28

0 30 -0.24 -0.49 -0.18 -0.25

-0.32 -0.42 -0.39 -0.24

-0.38 -0.55 -0.20 -0.24

-0.32 -0.48 -0.26 -0.24

0.0625 22.6

30

0.125 30

Table 3.4 Relative and absolute locations of vortex core centers
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_c X/c rl/c Vol/Wre f Fl/I_o (Uref-Uo)/Wref

- 10 3.8% 27.2% 27.0% 15.3%

-0.125 30 6.6% 8.8% 15.1% 10.2%

-0.0625 15.33 3.1% 19.4% 15.7% 18.7%

22.6 10% 6.1% 15.9% 10%

30 14.5% 4.5% 17.1% 6.3%

0.0625 22.6 4.2% 13.2% 14.5% 14.7%

30 9.3% 7.0% 17.0% 7.2%

0,125 30 5% 17.7% 23.0% 13.8%

Table 3.5 Parameters of the primary vortex core; core radius r_/c, peak tangential velocity

V0_/Uref, core circulation F_/F o, axial velocity deficit (U_f-Uo)/U_f.
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Figure 3.8 Mean cross-flow velocity vectors, approach vortex, X/c=10.

3-39



Perpendicular BVI Part I

O

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

-0.5

: iili

_i iii!i_iiiii_iiiiiiiiiii_i_i_
:::::::::::::::::::::::::::::::::::: :

_,_ii_!_!iiiiiiiiiiiiiiii_ii!iiiii!iiii_iiiiiii_iiiii;iiiii_iii_iiii_;iii_i_i_i_iiiii_i_ii_!i_i!_iii;!iii_ii;_i_ii;_i_i_
=::_!_:_!_ii_!!?_!!_i_i!ii_i!iii_ii_i_ii;_i1i;;i_i_1i1i_!_ii_1_iii_ii_i_i_i_i_i)_2ii_1_i_i_i_i1_ii_ii_2i_iii_i_i)

.... I .... I,,,,I .... I,,,,I .... I .... I .... I .... I ....

-0.4-0.3-0.2-0.1 0 0.1 0.2 0.3 0.4 0.5

y/c

iiiiiiiiiiii_

1+

0.985 to 1

0.97 to 0.985
0.955 to 0.97

0.94 to 0.955
0.925 to 0.94

0.91 to 0.925
0.895 to 0.91

0.88 to 0.895
0.865 to 0.88

0.85 to 0.865
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Upper and lower figures show different contour ranges.
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Figure 3.13 Velocity profiles along the line y/c=0, approach vortex, X/c=l 0. (a) Mean

velocity.
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Figure 3.13 Velocity profiles along the line y/c=0, approach vortex, X/c=l 0. (b) Turbulence

normal stresses.
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Perpendicular BVI Part I
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Figure 3.28 Velocity profiles along the line y/c=0, _c = -0.0625, X/c=15.33. (a) Mean

velocity.
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Figure 3.28 Velocity profiles along the line y/c=0, _c = -0.0625, X/c=15.33. (b)
Turbulence stresses.
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Perpendicular BVI Part I

1.10

z/c

I"l U I Uref

• V I Uref

• W I Uref

Figure 3.29 Velocity profiles along the line y/c=0 in the vicinity of the primary vortex core,

_c = -0.0625, X/c=15.33. (a) Mean velocity.
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Figure 3.29 Velocity profiles along the line y/c=0 in the vicinity of the primary vortex core,

_/c = -0.0625, X/c=15.33. (b) Turbulence stresses.
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Perpendicular BVI Part I
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• Represents spectral measurement locations

Figure 3.30 Velocity autospectra, X/c=15.33, A/c = -0.0625. (a) Locations of spectral

measurements relative to turbulence kinetic energy contours.
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Figure 3.30 Velocity autospectra at X/c=15.33, Nc = -0.0625. (b) G_u
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Figure 3.30 Velocity autospectra at X/c=15.33, A/c = -0.0625. (c) Guu contd.
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Figure 3.30 Velocity autospectra at X/c=15.33, A/c = -0.0625. (d) Gv,
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Figure 3.30 Velocity autospectra at X/c=15.33, _c = -0.0625. (e) Gvv contd.
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Figure 3.30 Velocity autospectra at X/c=15.33, A/c = -0.0625. (f) G**
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Figure 3.30 Velocity autospectra at X/c=15.33, _/c = -0.0625. (g) Gw, contd.
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PerpendicularBVI Part I
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Figure 3.31 Mean cross-flow velocity vectors at X/c=30. (a) _c=-0.125.
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Figure 3.31 Mean cross-flow velocity vectors at X/c=30. (b) _c=-0.0625. (i) Coarse grid.
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Perpendicular BVI Part I
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Figure 3.31 Mean cross-flow velocity vectors at X/c=30. (b) A/c=-0.0625. (i) Fine grid.
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Perpendicular BVI Part I
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Figure 3.31 Mean cross-flow velocity vectors at X/c=30. (c) _/c=0.

3-90



Perpendicular BVI Part I

Z/C

-1.0 -0.5 O. 0.5 1.0

y / C

Uref

Figure 3.31 Mean cross-flow velocity vectors at X/c=30. (d) &/c=0.0625.
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Figure 3.33 Contours of axial mean vorticity OxC/U=f at X/c=30. (c) Nc=0. Upper figure -

positive vorticity, lower figure - negative vorticity.

3-102



o

¢J

-1

0.8

1

-0.8

-0.6

:.i_i_iii:::::-.-.,
.,..,,.,,.

::::::.>.::
:::::::

0

0.2

0.4

0.6

0.8

-1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1

y/c

Perpendicular BVI part I

1.0eO+
9.0e-1 to 1.0eO
8.0e-1 to 9.0e-1
7.0e-1 to 8.0e-1
6.0e-1 to 7.0e-1
5.0e-1 to 6.0e-1
4.0e-1 to 5.0e-1
3.0e-1 to 4.0e-1
2.0e-1 to 3.0e-1

::.:+:.-..

1.0e-1 to 2.0e-1
O.OeO to 1.0e-1

-1.0e-1 +
-2.0e-1 to-1.0e-1

iiii_i;_i;_iii-3.0e-1to-2.0e-1
-4.0e-1 to-3.0e-1
-5.0e-1 to -4.0e-1
-6.0e-1 to-5.0e-1
-7.0e-1 to -6.0e-1
-8.0e-1 to-7.0e-1
-9.0e-1 to-8.0e-1
-1.0eO to -9.0e-1
-1. leO to -1.0eO

Figure 3.33 Contours of axial mean vorticity 03,c/U,_f at X/c=30. (d) z5/c=0.0625. Upper

figure - positive vorticity, lower figure - negative vorticity.

3-103



0

0

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

-1

......:_:ii:ii,i_:::i:i>::_::i_i!;ii!i:i::
. :: i;::i_N. _:i!i!_::i :

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

:.....:.:.:.:+:.:.:+:.:.:+:.: : :

• :iill

._?i??ii

.... I .... I .... I .... I .... I .... I .... I,,,,I .... I ....

i _i$ii. :_ :

.... I,,,,I .... I,,,,I,,,,I,,,,I,,,,I,,,,I,,,,I,,,,

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

y/c

:.:.:.:,:.

Perpendicular BVI part I

×+:.:.:.:

i!iiiil

1.0eO+
9.0e-1 to 1.0eO
8.0e-1 to 9.0e-1
7.0e-1 to 8.0e-1
6.0e-1 to 7.0e-1
5.0e-1 to 6.0e-1
4.0e-1 to 5.0e-1
3.0e-1 to 4.0e-1
2.0e-1 to 3.0e-1
1.0e-1 to 2.0e-1
O.OeO to 1.0e-1

-1.0e-1 +
-2.0e-1 to-1.0e-1
-3.0e-1 to-2.0e-1
-4.0e-1 to-3.0e-1
-5.0e-1 to -4.0e-1
-6.0e-1 to-5.0e-1
-7.0e-1 to -6.0e-1
-8.0e-1 to-7.0e-1
-9.0e-1 to-8.0e-1
-1.0eO to -9.0e-1
-1.1e0 to -1.0eO
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Upper and lower figures show different contour ranges.
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Figure 3.34

B

Contours of axial normal turbulence stress u U]U_ at X/c=30. (b) A/c=-0.0625.

(i) Coarse grid. Upper and lower figures show different contour ranges.
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Contours of axial normal turbulence stress u alU_¢ at X/c=30. (b) A/c=-0.0625.

(i) Fine grid. Upper and lower figures show different contour ranges.
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Contours of axial normal turbulence stress ua/U t at X/c=30. (e) Nc=0.125.

Upper and lower figures show different contour ranges.
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Figure 3.35 Contours of turbulence kinetic energy k/U,a z at X/c=30. (a) Nc=-0.125. Upper
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Figure 3.35 Contours of turbulence kinetic energy k/U,,_ z at X/c=30. (d) A/c=0.0625. Upper
and lower figures show different contour ranges.
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Figure 3.36 Contours of axial shear stress magnitude x,lU,_t2 at X/c=30. (e) A/c=0.125.

Upper and lower figures show different contour ranges.

3-122



-1

-0.8

-0.6

-0.4

-0.2

tj
"_ 0

0.2

0.4

0.6

0.8

1

-0.8

-0.6

-0.4

-0.2

0.2

..... ...... .................
. iii_:_:!:_:_i:i:i,i : ?:::::::::::::::::::::::::::::::::::::::::::::

$
.....iiiiii:_i:i

Perpendicular BVI part I

iiii!i!i i i

1.0e-4+
9.0e-5 to 1.0e-4
8.0e-5 to 9.0e-5
7.0e-5 to 8. Oe-5
6. Oe-5 to 7.0e-5
5.0e-5 to 6.0e-5
4. Oe-5 to 5. Oe-5
3.0e-5 to 4.0e-5
2.0e-5 to 3.0e-5
1. Oe-5 to 2.0e-5
O.OeO to 1.0e-5

iiiiii!!ii!_i
-1.0e-5+
-2.0e-5 to -1. Oe-5
-3.0e-5 to -2.0e-5
-4.0e-5 to -3.0e-5
-5.0e-5 to -4.0e-5
-6.0e-5 to -5.0e-5
-7.0e-5 to -6. Oe-5
-8.0e-5 to -7.0e-5
-9.0e-5 to -8. Oe-5
-1.0e-4 to -9.0e-5
-1. le-4 to -1.0e-4

i

0.4

0.6

0.8

-1 -0.8 -0.6 -0.4 -0.2 0 0.2

y/c

0.4 0.6 0.8 1

Figure 3.37 Contours of crossflow shear stress xflJ=t 2 at X/c=30. (a) ,5/c=-0.125. Upper

figure - positive stress, lower figure - negative stress.

3-123



0

0

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0,8

1

i iiiiiiiiiii! !!!iiI ....

....7

.... I .... I .... I .... I .... I .... I .... l,,,il,,,,l,t,Jl

,,,I .... I .... I,,,,I,,,,I .... I,,,,I,,,,I,,,,I ....

-1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1

y/c

¢.:.:.:.:.:.

iiii!iiiiii i

H

ili!!iiiiiiii

Perpendicular BVI part I

1.0e-4+
9.0e-5 to 1.0e-4
8.0e-5 to 9.0e-5
7.0e-5 to 8.0e-5
6.0e-5 to 7.0e-5
5.0e-5 to 6. Oe-5
4.0e-5 to 5.0e-5
3.0e-5 to 4. Oe-5
2.0e-5 to 3.0e-5
1. Oe-5 to 2.0e-5
O.OeO to 1.0e-5

-1.0e-5+
-2.0e-5 to -1.0e-5
-3. Oe-5 to -2. Oe-5
-4.0e-5 to -3.0e-5
-5.0e-5 to -4.0e-5
.-6.0e-5 to -5.0e-5
-7.0e-5 to -6.0e-5
-8.0e-5 to -7.0e-5
-9.0e-5 to -8.0e-5
-1.0e-4 to -9.0e-5
-1. le-4 to -1.0e-4
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Figure 3.37 Contours of crossflow shear stress l:_lJ,_f 2 at X/c=30. (b) _c=-0.0625. (i) Fine

grid. Upper figure - positive stress, lower figure - negative stress.
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Figure 3.37 Contours of crossflow shear stress l:y,_f 2 at X/c=30. (d) &/c=0.0625. Upper

figure - positive stress, lower figure - negative stress.
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4. CONCLUSIONS

The flows produced by several different perpendicular blade vortex interactions have been

studied in detail. Interactions were produced using two rectangular NACA0012 half wings

separated by 14 chordlengths (c) in the streamwise (X) direction. The first wing, set at 5 ° angle

of attack was used to generate the vortex. The second wing, also set at 5 o was used as the

interaction blade. Velocity measurements were made upstream and downstream of the blade for

several different blade-vortex separations (A). All measurements were performed at a chord

Reynolds number of 260,000. In all cases the vortex passed over the blade about 0.85c from its

tip the axis of the vortex being approximately normal to the blade span.

The measurements made upstream of the blade, at X/c=10, show the approach (primary)

vortex to have a core 0.076%c in diameter containing 27% of the total circulation. Measured

turbulence levels in the core are large, but this is mostly due to coherent wandering motions of

the core which have an r.m.s, amplitude of about 7% of the core diameter. Judging from core

velocity spectra, true turbulence levels in the core are very low, much lower than in the

surrounding flow. These spectra show a large dissipation range of -7 slope extending to

comparatively low frequencies and almost no inertial subrange, suggesting that the effective

Reynolds number of core turbulence is low. The core is surrounded by the unrolled-up portion

of the vortex generating wing, which forms a loose spiral. Moving along the wake toward the

core, turbulence levels increase, reaching a maximum at the point where the wake begins to

curve. Velocity spectra measured in this region appear similar to those of a two-dimensional

wake. After the maximum turbulence levels fall, apparently because of a loss of energy at low

frequencies. This may indicate that the formation and development of large scale structures is

suppressed by the wake curvature and local straining of the flow field. Mean circulation and

tangential velocity distributions outside the core are described well by Betz's theory.
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Themeasurementsmadedownstreamof theblade,combinedwith information from prior

flow visualizationwork give a detailedview of the effectsof the bladevortex interaction.We

regardthe following observationsderived from theseresults,asthe most significant.

1.Thenatureof thebladevortex interactiondependsuponthebladevortexseparation(A).

With thevortexpassingon thepressuresideof theblade(A<0) it drifts inboardunderthe action

of its imagein thebladesurface.Thedrift is outboardwith thevortexpassingon thesuctionside

(,5>0).With the vortex impingingon the blade leadingedge(A=0) it appearsto split into two

filaments,eachpassingon the oppositesideof the blade.

2. Regardlessof A the vortex becomes embedded in the blade wake downstream of the

blade. Its interaction with the wake results in a region of turbulent flow of much greater cross-

sectional area and intensity than that presented by the original vortex.

3. Perpendicular blade vortex interaction causes a loss in core circulation. This loss occurs

because the vortex core entrains blade boundary layer and wake fluid containing negative

streamwise vorticity. Both positive and negative streamwise vorticity are produced and shed by

the blade because of the disturbance produced by the vortex on its spanwise lift distribution. The

amount of the loss in core circulation appears approximately the same (40%) for a range of blade

vortex separations (at least for _c=-0.125, -0.0625c and 0.0625). It therefore seems likely that

a simple model or correlation could predict this effect.

4. Perpendicular blade vortex interaction appears to alter the entire circulation distribution

of the vortex outside its core as well. Comparisons with the same Betz's theory calculations

described above showed very poor agreement downstream of the blade. Note, however, that some

of this disagreement could have been due to inaccuracies in the methods used to determine the

circulation distribution.

5. Perpendicular blade vortex interaction initiates a rapid growth of the vortex core. The

point where the growth begins is a function of A. For _/c=-0.0625 rapid growth in the core began

between 0.33 and 7.6c downstream of the blade trailing edge, the core more than trebling in size

by 15c downstream. For _/c=-0.125, 0.0625 and 0.125 this growth began between 7.6c and 15c

downstream. The rapid core growth is probably a consequence of the mixing of core and blade
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wakefluid promotedby the turbulentstructuresof the wake.The delay in the onsetof growth

maysimply reflect the distancetakefor the coreand bladewaketo meetandbeginmixing.

6. PerpendicularBVI changesthe spectralsignatureandturbulencestructureof the core.

Downstreamof the bladetrueturbulencelevelsin thevortex core (judgedfrom high-frequency

velocity autospectra)were larger than in the surroundingwake flows, regardlessof Mc and

distancedownstream.In addition almostall velocity autospectrameasuredin the vortex core

downstreamof the blade displayed substantialinertial subranges,suggestingthe effective

Reynoldsnumberof core turbulencewasmuchhigherthan in the undisturbedvortex. In some

cases,especially_5/c=-0.0625and 0 at X/c=30 the corespectrahad almost the sameshapeas

thoseof the surroundingbladeandvortex generatorwakes.

7. In all casesperpendicularBVI wasobservedto acceleratethe decayof the coreaxial

velocity deficit.

8. Perpendicularblade vortex interaction has surprisingly little effect on the non-

dimensionalform of the core tangentialand axial velocity profiles. This may indicate that

turbulentvortexcoresvery rapidlyachievemean-velocitysimilarity - anfact thatcouldbeuseful

in the generalmodellingof theseflows.

9. Thepropertiesof the bladewakenearthe vortexcorearesignificantly alteredby the

bladevortexinteraction.Firstly, thewakeis significantlythickeroutboardof thevortexcorethan

inboard.Secondly,turbulencelevelsin thewakeoutboardof thecoreincreasemonotonicallywith

A over the measured range from Mc=-0.125 to 0.125. These effects are all due to the local

influence of the vortex on flow over the blade. As already mentioned, streamwise vorticity is

shed from the blade because of the disturbance of the vortex to its lift distribution. Specifically,

the vortex increases the local angle of attack outboard of its core, and reduces it inboard. Thus

the blade wake tends to be thicker outboard of the core. Finally, the rotational motion of the

vortex lifts boundary layer fluid away from the blade surface. This, in combination with the local

angle of attack changes, is responsible for the increase in outboard turbulence levels.
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Perhapsthe mostimportantconclusionof this work is that, at least for the blade-vortex

separations studied here, perpendicular blade vortex interaction substantially alters the flow

structure in and around a trailing vortex. The nature of its interaction with all following blades

is therefore likely to be altered. The effects of perpendicular blade vortex interaction are therefore

likely to have a significant influence on helicopter noise.

The above conclusions do not address the effects of the blade tip vortex. The structure

of the blade tip vortex appeared very similar to that of the primary vortex before it encountered

the blade. Its principle effect downstream of the blade was to impose a secondary velocity field

on the remainder of the flow, causing drift of the primary vortex core and distortion of the blade

wake that would not have otherwise occurred. While these effects are themselves interesting they

are not of great practical relevance, since the vast majority of perpendicular blade vortex

interactions in helicopter rotors occur well inboard of the blade tip. In future work we recommend

the use of a blade spanning the wind tunnel test section so that the effects of perpendicular blade

vortex interaction can be studied in isolation. Such an investigation could examine with better

accuracy and in more detail the functional form of the variation in vortex parameters with blade

vortex separation, downstream distance, blade angle of attack and vortex strength. Empirical

correlations of this type would be of great value in helicopter flow and acoustic noise

computations.
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APPENDIX.

BETZ'S THEORY APPLIED TO AN ARBITRARY LIFT DISTRIBUTION

Consider a wing with a general circulation distribution

Here y is spanwise distance measured from the root and s is the half span. Suppose the

circulation shed by the wing rolls up into a single trailing vortex. Betz's theory implies that this

vortex will have a variation of circulation with radius (see Donaldson and Bilanin (1975)) given

by

where

r =y(y) -y (11)

and y(y) is the centroid of the shed circulation distribution outboard of y. In general, therefore,

1

1 aN' (12)
- -f,f- nndn

tl

I1

where rl = y/s. We may solve this integral by expressing the circulation distribution as a fourier

sine series,

r = E ansi=, (1a)
n,,l

where 11 = -cos(_) and the summation includes only odd terms (i.e. the circulation distribution

is symmetrical about the root). This gives

dr dr _F a,. n _(n,) eos,t, a, (14)

and so
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at

Using standard integrals the right hand side of this equation may be rewritten as

We therefore have

]_a. n(sin(n-t)_, si_(n+x),l,]+
y(_)_ ,,-3 I_ 2(n-l) 2(n+l) )

n-I

--_+¼_i_,l,)

(15)

(16)

(17)

This expression, along with equations 11 and 13 give, implicitly, the circulation distribution in

the vortex. The coefficients A n in the lift distribution may be calculated using, for example, lifting

line theory.
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PART II: NOISE PREDICTIONS

1. INTRODUCTION

Broadband noise from helicopter rotors is generated by the interaction of the

blades with turbulent flow. At high frequencies the noise can be caused by the interaction

of the blade boundary layers with the trailing edges of the blades, but this mechanism

does not generate much power at the low or mid frequencies which have a major impact

on the EPNL levels used for noise certification (Brooks et al (1987)). Mid frequency

broadband noise was found by Brooks et al (1987) to be a strong function of the rotor tip

path plane angle and this lead to the conclusion that noise was generated by the

interaction of the blades with rotor wake turbulence. This was classified as Blade Wake

Interaction (BWI) noise. Glegg(1991 ) showed how BWI noise could be correlated with

the interaction of the blade tip vortices with the following blades and developed a noise

prediction method based on a turbulent tip vortex model (Phillips and Graham(1983)).

However measurements of the spectral characteristics of the turbulence in a tip vortex

were not available in the literature and this lead to the study by Devenport and Glegg

(1992) on the unsteady flow in a blade tip vortex, and its relevance to BWI noise. It was

found that the largest velocity fluctuations in a tip vortex relative to the stationary frame

were a consequence of the unsteady motion of the vortex core. Small lateral motions of

the vortex can cause large apparent turbulent velocity fluctuations at a fixed point due to

the large velocity gradients in the core. However these motions are not important for

sound production when the vortex core is aligned parallel to the blade chord and normal

to the blade span. This is the type of blade vortex interaction which causes BWI noise

(Glegg(1991)), and it was shown by Devenport and Glegg (1992) that core motion in this

configuration was not an efficient mechanism for sound generation since it gives a source
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which wasof quadrupoleorder.This concurswith Howe(1990)who demonstratedthat it

is only the spanwisecomponentof the vorticity that canradiatesoundin a bladevortex

interaction(thisanalysisis basedon low frequencyGreensfunctionsanddiscardssources

of quadrupoleorder).

DevenportandGlegg(1992)alsoshowedthattheturbulentflow in thewakeof the

bladeevolvedinto aspiral regionaroundthevortex,andtheturbulencein this spiralwas

self similar. Howevertherewere someproblemsin modelingtheextentof the turbulent

flow for BWI noisepredictionpurposes,andin that studytheturbulencewasassumedto

beconfinedto a smallregionof thewakecloseto thevortex. Howevernoisepredictions

using this model were unsuccessfuland it wasconcludedthat someother mechanism

suchasvortexburstingwasresponsiblefor BWI noise.Thestudydescribedin this report

hasconsideredtheinteractionof a tip vortexwith a following bladeand hasgivenmuch

betterinsight into theBWI noisemechanism.Firstly, flow visualizationshaveshownthat

vortex bursting only occurswhen the vortex core is aligned very precisely with the

downstreamblade.Given the stochasticnatureof the blade tip vortex pathsclose to a

helicopterrotor, this precisealignmentprobablyonly occursat discretelocations in the

rotordiscplane,if at all. Thenoisegeneratedby suchaninteractionwouldbe intermittent

or impulsive in natureand BWI noisedoesnot havethesecharacteristics.Secondlythe

interactionof thetip vortexfrom a bladewith thewakeof adownstreambladehasbeen

foundto causearegionof turbulentflow which is significantlymoredispersedthan in the

tightly woundspiral found in the isolatedtip vortex. Theseobservationshaveleadto the

conclusionthat it is the turbulencein the wakesof thebladeswhich is the origin of the

unsteadyflow which causesBWI noise and this part of the report will describehow

modelsof this waketurbulencecanbeusedfor noiseprediction.First a discussionof the

bladewakeinteractionswhich occurin differentflight regimeswill begivenin section2.

Then in section3 the noisepredictionmethodand the scalingof the turbulencespectra

will bedescribed.Finally in section4 themeasurementsdescribedin part I of the report

1-2



Perpendicular BVI Part II

will be used to predict measured levels of BWI noise (Brooks et al (1991)) for 21

different flight regimes at two positions in the far field of the rotor.
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2. WAKE INTERACTIONSCAUSINGBWI NOISE

BWI noisehasbeenshown experimentally to be causedby the interaction of

helicopter rotor bladeswith turbulence generatedby the blade wakes. The results

presentedin Part I of this report showthat this canbeseparatedinto "wake turbulence"

which is the bladeboundarylayer turbulenceshedfrom the trailing edgeof the blades

and "vortex instabilities" which causelarge velocity fluctuationsat a fixed point dueto

unsteadymotions of the vortex core. It is important to separatebetween these two

mechanismsbecausein BWI vortex interactions,thevortex is alignedwith thedirection

of blademotion and this causesa relatively weak noisegeneratingmechanism. This

argumentsuggeststhat it is the wake turbulencewhich is responsiblefor BWI noise.

Howeverthewakesshedfrom thetrailing edgeof tile bladesform a thin sheetwhich is

both unstableandof limited extent ill the axial direction. Calculationsshow that rotor

bladesinteractingwith this sheetonly dosooverarelativelysmallrangeof rotor tip path

planeanglesfor a givenadvanceratio (-2.5*<O_tpp<2.5*)whereasnoisemeasurements

show that BWI noise is significant over a much larger rangeof angles.In contrast the

BWI noiseprediction methoddevelopedby Glegg (1991) assumedthat the turbulence

responsiblefor BWI noise was associatedwith the trailing tip vortices. The model

assumeda uniform distribution of turbulenceovera circular regionwhich wascentered

on the vortex core and scaledwith the vortex core size. This gave reasonablygood

predictionsof themeasurednoiselevels, and especiallyfor thedependenceof the noise

levelson tip pathplaneangle.Howeverthemeasurementsof Devenport& Glegg (1992)

showedthatthis modelwasnot a gooddescriptionof theflow for an isolatedtrailing tip

vortex. It wasfound thatthevortextendedto wrap thewaketurbulenceinto a spiraland

reduceit's intensity closeto the vortexcore, which is completelycontrary to the model
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used for the BWI noise predictions. Tile results presented in Part I of this report however

give new insight into this phenomena, because they show that when a trailing tip vortex

(the primary vortex) passes in the vicinity of a second blade a strong interaction takes

place between the vortex and the wake turbulence of the second blade. The vortex acts as

an attractor for the wake turbulence and distributes it over a region which surrounds the

vortex core. The turbulent flow region therefore has strong similarities to the flow

assumed in the original BWI noise predictions, providing that only interactions are

included for which the vortices have passed close to a secondary blade.

In calculating the noise produced by a BWI type vortex interaction it is necessary

to specify the unsteady flow velocity encountered by the blade. However it is also

essential to distinguish between the unsteady flow associated with streamwise

components of vorticity and those associated with spanwise components of vorticity,

because the generated noise is only associated with the later. When a streamwise vortex

interacts with the boundary layer on a downstream blade the resultant region of flow will

include significant components of both unsteady streamwise vorticity (from the primary

vortex) and spanwise vorticity (from the wake/boundary layer turbulence). Separating

these two parts of the flow is not possible using existing technology but some fairly

general conclusions can be drawn from the measurements which have been made. First

we note that the streamwise vorticity is concentrated in a small region around the vortex

core. In an isolated vortex ( before interactio,l with a secondary blade) the spectra of this

type of velocity fluctuation has large low frequency components, and less energy than

wake turbulence at high frequencies. As this vortex progresses more wake turbulence is

wrapped around the core, but it is also laminarised and looses it's high frequency content

as it enters the core region. Spectra taken in the core of the vortex after an interaction

with a secondary blade however show higher levels than the surrounding wake

turbulence at high frequencies as well as the expected high levels at low frequencies. This

suggests that the wake flow adds to and is uncorrelated with the streamwise vorticity, and
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consequently can be treated as a separate component of the flow. Measurements of the

wake turbulence in a isolated vortex have shown clearly that the wake flow maintains it's

self similar nature in spite of being stretched and wrapped around a developing vortex.

The flow scales on the wake width which increases with the square root of the distance

from the trailing edge where the wake was generated, and this rather than the stretching

of the flow by the vortex appears to be the controlling feature. This leads us to suggest a

flow model in which the turbulence in and around a trailing vortex which has passed

close by a second blade has spanwise vorticity components which are solely determined

by the wake turbulence of the secondary blade and scales with the distance from the

second blade. The unsteady velocities associated with this spanwise vorticity have spectra

which are self similar and can be modeled by the wake turbulence spectra found close to

an isolated vortex. This model enables us to extract the component of the flow which is

important for noise generation from the complex unsteady flow which has been

measured.

We must also consider the size of the region in which this wake turbulence is

significant. In the previous model (Glegg(1991)) it was assumed that the region was

circular and that the turbuleqce intensity decreased linearly from the center of the vortex

to the outside edge of the vortex. The measurements however suggest a slightly more bell

shaped distribution of turbulence intensity ( notwithstanding spurious peaks in the vortex

core). This model will is discussed in more detail in section 3.
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3. THE NOISE PREDICTION METHOD

3.1 The Acoustic Field

The noise prediction method developed by Glegg (1991) assumes that BWI noise

is produced by turbulence in the vicinity of trailing tip vortices interacting with the rotor

blades. To evaluate the noise radiated to the acoustic far field it is first necessary to

calculate the loci of the blade vortex interactions and their axial displacement from the

rotor disk plane for a given flight condition 1 . These loci give lines on the rotor disk plane

where noise is generated by blade turbulence interaction, and each of these lines are

broken down into short linear segments of length AtFA. To obtain the acoustic power

spectrum in the far field of the rotor, the contribution of each linear segment is summed

with a weighting which is proportional to the amount of time ( in observer co-ordinates) it

takes for the blade to move across the segment (Glegg(1991)). The power spectrum, at

the angular frequency o9, of the acoustic pressure from each linear segment is calculated

using

L o9 ogpoCZ3"][_-2/_3Ub,.
S..(z, )= 7---;

.4rtCoro j (_:_,) Z3 2 W3_(k,,k2)
(l)

where Z=(Z1,Z2,Z3) defines the relative location of the blade to the observer, ro=lzl is the

distance between source and receiver, z2 is in the spanwise direction and z_ is the

distance of the observer below the blade. In this equation c is the blade chord, Po is the

density of the fluid, U is the blade speed at the vortex interaction, Mr is the Mach

number of the blade in the direction of the observer, Co is the speed of sound and X3 is

1 The vortex locations are calculated using a melhod developed by Egolf and

Landgrebe(1983).
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the blade responsefunction for an upwashgust (Amiet (1975))t . The wavenumber

spectrumof theupwashcomponentsis givenby q'33(k1,k2) where k1=-o9 (1-Mr)/U and

k2=-o9 z2/coro • All the parameters required to calculate the noise are defined by the rotor

design apart from the wake width be and the wavenumber spectrum of the turbulence. In

the following sections we will discuss how these parameters can be calculated from the

measurements given in Part I of this report.

3.2 Modeling the Turbulence in the Vortex

As was discussed in section 2 we will assume that only vortices which have

passed close to a downstream blade have sufficient turbulence associated with them to

generate noise. Consequently the first time that a vortex interacts with a blade, it's

interaction is eliminated from the noise calculations. This is a relatively simple

modification to the method outlined in section 3.1. The wavenumber spectrum of the

turbulence however is more difficult to estimate.

In previous studies it has been assumed that the wavenumber spectrum of the

turbulent flow can be modeled using the Von Karman interpolation formula. This gives

for the wavenumber spectrum of upwash fluctuations

where

4 (k: + i_) (2)
q'33(k_'/<2)= wZ97rk!(1+/_t2"k" ]_22) 7/3

k i 3

]_i --- _e and ke = 4--'-L

l Glegg (1991) included an unslezdy thickness noise source in the BWI noise prediction
scheme, but this has not been included here since it has a negligible effect on the predicted noise

levels at the angles of interest.
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andw is the nns turbulence velocity fluctuations and L is the integral lengthscale of the

turbulence. For measurements of turbulence at a fixed point the spectral density (per Hz)

for upwash fluctuations is given by this model as

2L (3+8£ 2)
G.,_,(f) = u 'z (3)

3U,,/(1 +/_?)t,/,

where kl=2nf/Uref and Uref is the mean flow velocity. The noise predictions require

tP33 but it has only been possible to measure Gww. To overcome this problem in the

past, measurements of the spectrum at a point have been used to estimate the lengthscales

and the turbulence intensity as a function of position in the flow, so that they may be used

in formulae of the type given in equation (2) to obtain the wavenumber spectrum for

noise calculations. However difficulties arise, as in this case, when the measured

spectrum does not approximate to the Von Kannan model given by equation (3). In these

situations a relationship must be assumed between _33 and Gww, and it is customary to

write this in the form

1 Q.,,(f)l.t([q)U../ (4)
_33(kl'0)- (2re)'-

where/1 is the spanwise coherence lengthscale which, for the Von Kannan interpolation

fonnula, is given by

12 8 n'L £12
u - (5)

z7 (3+8#)-fi+#

At high frequencies the coherence lengthscale /1 is given by 27rUref/9o) which is

independent of the integral lengthscale of the flow and is inversely proportional to the

frequency. The maximum value of/_ is given by 0.3teL and so this model specifies the

coherence lengthscale as always being less than the integral lengthscale of the turbulence.

3-3



Perpendicular BVI Part II

In the absence of two point measurements an estimate has to be used for the coherence

lengthscale of the upwash velocity fluctuations and consequently we will assume that

equation (5) may be used for this purpose. This is probably not a bad assumption since it

gives a smooth interpolation between the largest lengthscale which we can expect/1--/.

which occurs when (.oL/Urel-_-0.75 and the coherence lengthscale at high frequencies

which is independent of the turbulence scale.

3.3 Scaling the Turbulence Measurements

First we will consider the turbulent flow in an isolated vortex and show how the

turbulence spectra evolve as the wake is wrapped around the vortex core. Figure 3.1

shows the turbulence intensity in the region around the vortex core at a location which is

10 chord lengths downstream fi'om the leading edge of the primary blade. Four regions

have been identified on this plot, a wake region which is that part of the flow dominated

by the turbulent wake shed from the trailing edge of the blade, an outer spiral region

where the wake is being wrapped around the vortex core, an inner spiral region which is

close to the vortex core and the core region itself. The spectra of the upwash fluctuations

in each region are plotted in figure 3.2. These show that tile spectra in the wake region

have a distinct peak which occurs at a non-dimensional frequency offc/Ure.U3"l, and that

the energy in that peak is significantly greater than in other parts of the flow with the

exception of the core region which has large amot, nts of energy at very low frequencies.

In the spiral regions the spectra show a steady reduction in energy as the core is

approached especially in the frequency range around fc/Uref=lO. The peak in the wake

region spectra is very similar to the spectral peak in turbulent boundary layers in adverse

pressure gradients (Bradshaw(1967)). This feature is attributed by Bradshaw to coherent
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structures in the flow and may be indicative of spanwise vorticity. It is interesting to

compare the upwash spectra in the wake region with the Von Karman interpolation

formula given by equation 3. This comparison is shown in figure 3.3 using an integral

lengthscale of L=0.2 Lo where Lo is the wake width at this location. This result shows

(in contrast to earlier measurements Devenport & Glegg (1992)) that the Von Karman

spectrum does not give a good fit to the measuremeqts. The peak in the spectrum is not a

feature of the Von Karman interpolation formula and the discrepancies at high

frequencies are due to the effect of viscous dissipation (which is not been included in

equation (3)). For BWI noise production the most important part of the spectrum is for

non-dimensional frequencies which are close to the spectral peak and so it appears that

the Von Karman formula is not a suitable model in this case, since any variation of the

turbulence lengthscale will not give the measured spectral peak.

Next we consider the spectra in the wake after the primary vortex has passed a

second blade. Figure 3.4 shows the distribution in turbulence intensity for a typical case

where the vortex has passed a distance 0.125c above the secondary blade located ILk

downstream of the primary blade. The measurement location is a further 15c downstream

of the secondary blade. The upwash spectra are again considered in four separate

regions, a primary wake region (see figure 3.5) where the spectral shape is similar to the

spectra in the wake region of the isolated vortex, a primary vortex core region where the

low frequency vortex core motions are the dominant feature, a mixing region between the

two vortices which has a dominant spectral peak similar to the wake region, and the

secondary vortex core region with large low frequency motions. It was argued in the

pervious section that BWI noise is primarily caused by the turbulent velocity fluctuations

in the mixing region between the two vortices and that this would have the characteristics

of the wake turbulence from the secondary blade and the results in figure 3.5 concur with

this suggestion. To further test this hypothesis we will first scale the spectra in the wake
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region of the isolated vortex into a self similar form and use these results to predict the

spectra in different parts of the vortex after it has passed the second blade.

Wygnanski et al (1986) have shown that the turbulence in the wakes of many

different types of body can be scaled on the wake width Lo which can be defined in terms

of the momentum thickness e (see foomote t ) of the wake as Lo=O.320v_(x/O+380) •

Consequently we can expect the spectra measured in the blade wakes to collapse when

plotted as a function offLo/Uref. Further equation (3) shows that the spectrum of the

velocity fluctuations scales in magnitude as Gww(f)-w2L/Uref and Wygnanski et al

(1986) also show that the turbulence intensity scales as w/Uref-_/(O/x). For a given drag

coefficient O is proportional to the blade chord and, with L~Lo, the magnitude of the

spectrum can be expected to scale as Gww(f)~cLoUref/X. Figure 3.6 shows the collapse

of the Gww(f) spectra from the wake region of the isolated vortex (figure 3.3) when they

are normalized as Gww(f)x/cLoUref and plotted against fLo/Uref. A tenth order

polynomial, least squares fit to these spectra has been obtained (and is also shown in

figure 3.6) using the function

xG,_,(f) N
- exp( _" ,zN-n2., c,,A )

cLo Urd ,_=0

where X=ln(fLo/Uref), N= 10 and the coefficients are given by

co =-4.094107911604283e-04

Cl =-3.355736105268570e-03

c2 =-9.101826421288446e-05

c3 = 5.121995406807923e-02

c4 = 4.419066392372003e-02

c5 =-3.168685739499785e-01

c6 =-2.193413116108480e-01

c7 = 9.060883193917536e-01

c8 =-2.801734323812800e-01

c9 =-2.119234822914640e+00

c10=-6.608767720927401e+00

x>o.05 (6)

1 The momentum thickness is defined as O=cCD/2 for these calculations which differs

from the value assumed by Glegg (1991) which was b:lscd on an estimate of the boundary layer
thickness.
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To check the validity of this model the predicted spectrum has been compared with the

measured spectrum at other locations. Figure 3.7 shows the fit to spectra measured at

different locations after the vortex has passed by the second blade at a miss distance of

0.125c. The flow is dominated by the wake from the second blade and so the x location

has been taken relative to the trailing edge of the second blade. In general this scaling

appears to give a good fit to the upwash spectrum in the wake region (see figure 3.4) but

tends to underpredict the turbulence levels in the mixing region between the two vortices

by as much as 10 dB. However the spectral shape is reasonably well modeled by the

curve fit given in equation (7), and so this equation appears to be appropriate providing

that a correction is applied to allow for the change in absolute level of the spectrum in

different parts of the flow, and this will be discussed in more detail in the next section.

Finally in order to use equation (4) to obtain the wavenumber spectrum we need

to estimate the integral lengthscale of the flow so that the coherence lengthscale can be

obtained from equation (5). The peak in the measured spectrum occurs atfLo/Urefl"0.5

which suggests that the coherent structure in the flow has a scale which is of order L-_Lo.

However as the wake is wrapped around the vortex core the turbulent eddies or coherent

structures will be stretched and re-oriented relative to the spanwise direction. This will

reduce the spanwise lengthscale. If we assume that the eddy stretching occurs at the same

rate as the rate of flow development then we can expect the effective integral lengthscale

to be reduced as 1/_/x while the wake scale increases as V'x. These two effects will cancel

and so the eddy lengthscale will be independent of the downstream location and can be

estimated as twice the wake width at x=O. (This correction has a small effect on the final

results but tends to improve the low frequency fit to the spectrum).
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3.4 The Size of the Turbulent Region

To predict the radiated noise using equation (1) we also need to specify the

spanwise extent of the turbulent region which is defined by the effective span be • This is

depends on the distribution of the mean square turbulence intensity over the region of the

flow which interacts with the blade and is given by

1
be= 2 /w2(z2'z3 )d'z2

Wmax

(7)

In the previous study of BWI noise it was assumed that w was a maximum at the center

of the vortex and decreased linearly to a zero value at the edge of the vortex core defined

as ao=O.15v/(xCCL) . The measurements given in Part I of this report have shown that

there is a significant variation in turbulence levels across the flow, as discussed in the

previous section. Reviewing the turbulence measurements given in figure 3.41 of Part I

suggests that it is more realistic to consider a distribution of turbulence which is of

constant intensity in the vortex core region (providing that the peak associated with the

core motions is disregarded) rather than the triangular shaped distribution which was

assumed previously. The effect that these two alternatives have on the value of be are

illustrated in figure 3.8 and can be compared with the measurements shown in figures

3.41 in Part I of this report. To estimate the size of the vortex the lift coefficient has been

taken as the root circulation CL=0.5 and the downstream location x as the distance from

the primary blade. The measurements show that the turbulent region extends over a

region of -1.2 c in the spanwise direction and the model seems to estimate this quite

well. The measurements also show that the levels on either side of the vortex core can

differ by as much as a factor of two, but that they are constant in either region. Taking the
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averagebetweenthesetwo extremeswouldappearto bethebestway to proceedin order

to estimatethevalueof theeffectivespan.

For aconstantdistributionof turbulenceintensitywecandefinetheeffectivespan

as

b,, = 2%/a, 2, -z 3 (8)

The linearly decaying model of the turbulence intensity considered by Glegg(1991)

defines

b"=2a°[ h2S+lS3-h21n(l+S]]3 \ Ihl ]J
(9)

where h=z3/ao and S= _(1-h2). A comparison betweeq these two different models is

shown in figure 3.8(b) and we see that the major difference between them is maximum

magnitude of be and the extent over which be remains significaqt.
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Figure 3.1 Contours of the mean square turbulence intensity in an
isolated trailing tip vortex at a downstream location of x/c=10.
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Figure 3.3: Spectra of Turbulence in Wake compared with Von Karman spectrum
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Figure 3.4 Contours of the mean square turbulence intensity in the
wake region after the primary vortex has passed the second blade at
x/c=30
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Figure 3.6:Wake region spectrum for an isolated vortex and least squres fit to the data
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4. COMPARISON OF MEASUREMENTS WITH PREDICTIONS

The noise prediction method described in the previous section has been compared

with the data collected in the DNW anechoic wind by Brooks et al (1989). This data set

comprises of 21 different flight conditions (including 3 different advance ratios and - 7-

10 different tip path plane angles) and gives noise spectra at two different angles to the

rotor axis in the acoustic far field. The predictions given are based on the theory

described in the previous section using the blade design parameters as inputs (see Glegg

(1991)). However the blade lift and drag coefficients are not known exactly and have to

be estimated. The blade lift coefficient is required to estimate the vortex core size and in

the previous study the lift coefficient was estimated from the rotor thrust coefficient as

ao=/3Rt_/(TC_twCT B) where Rt is tile rotor diameter, CT is the thrust coefficient, _,, is

the wake age, and B is the number of blades. The coefficient 13 is -0(1) and was

evaluated to give the best fit to the noise measurements as/3=0.8 for the effective span

given by equation (9). In this study the effective span is based on equation (8) and the

data is matched better by using a value of/3=0.5. The blade drag coefficient is required to

determine the momentum thickness of the wake, but this is also not known, and may

change with flight condition. To show tile importance of this parameter predictions have

been made using drag coefficients of Cd=O.04 and Cd=O.02 for a sample set of the data

at three different advance ratios and two different tip path plane angles, as shown in

figures 4.1 to 4.6. These results show three important features of the prediction method.

At the lowest advance ratio a good fit to the data is obtained using a drag coefficient of

0.04, but at the higher advance ratio of 0.1 74 the spectral shape is predicted more

accurately by using a smaller drag coefficient. This suggests that the drag coefficient a

function of flight speed and is reduced as tile advance ratio increases, as might be

expected. At the highest advance ratio (figures 4.5 and 4.6) the scaling of the predicted

spectrum with changes in tip path plane angle is not good and this is attributed to the

4-1
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calculationof thevortex loci for this case,which hasalwaysbeenfound to be inaccurate

at highadvanceratios.

To give anoverall view of theresultsacompletesetof spectraandcomparisons

with thepredictionsareshownin figures4.7-4.28for two differentmicrophonelocations

usinga dragcoefficientof 0.04. (microphone 19 is at 1.5 ° and microphone 21 is at 27.7 °

to the rotor axis). In general the predictions shown here compare well with the data, and

some marked improvements over the previous prediction method (Glegg(1991)) are

apparent. In the previous study the spectral peak in the measurements at low frequencies (

see for example figure 4.10 or figure 4.18) could not be identified in the predicted spectra

which were based on the Von Kan'nan interpolation formula. The new predictions given

here clearly identify a spectral peak, which can be associated with a spectral peak in the

turbulence spectrum (see figure 3.3). However as noted above, the best prediction of this

peak at the advance ratio of 0.174 (see figures 4.18 and 4.4) is obtained with a smaller

drag coefficient.

We conclude that by using the measured turbulence spectrum in the prediction

method rather than assuming a spectrum given by the Kannan interpolation formula, a

significant improvement to the prediction method has been achieved. However the

specification of the blade drag coefficient and the loci of the tip vortices as a function of

the flight condition are important features of the prediction scheme and the method used

here to obtain these appears, at present to be the limiting factor in improving the

prediction of BWI noise. Further, but of less significance is the estimates which were

made of the spanwise coherence lengthscale. The assumptions concerning this parameter

affect the spectral shape and may warrant further investigation in the future.
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Figure 3.55 Velocity autospectra at X/c=30, A/c = 0. (f) G**

3-194



Perpendicular BVI Part I

1.0E-02

1.0E-03

1.0E-04

o 1.0E-05

t-,

_ 1.0E-06

;-5/3;

1.0E-07

1.0E-08

1.0E-O9

1.0E-02

fc / Uref

Numbers in legend represent the y / c and z / c locations respectively

Figure 3.55 Velocity autospectra at X/c=30, A/c = 0. (g) G,w contd.
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Figure 3.56 Velocity autospectra, X/c=30, Nc = 0.0625. (a) Locations of spectral
measurements relative to turbulence kinetic energy contours.
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Figure 3.57 Velocity autospectra, X/c=30, A/c = 0.125. (a) Locations of spectral

measurements relative to turbulence kinetic energy contours.
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Figure 3.58 Mean cross-flow velocity vectors at X/c=22.6. (a) Mc=-0.0625. (i) Coarse grid.
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Figure 3.58 Mean cross-flow velocity vectors at X/c=22.6. (a) &/c=-0.0625. (i) Fine grid.
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Figure 3.58 Mean cross-flow velocity vectors at X/c=22.6. (b) _c=0.0625.
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Contours of axial normal turbulence stress u u/U_ at X/c=22.6. (a)

A/c=-0.0625. (i) Coarse grid. Upper and lower figures show different contour

ranges.
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Contours of normal turbulence stress u U/U_# at X/c=22.6. (a)axial

A/c=-0.0625. (i) Fine grid. Upper and lower figures show different contour

ranges.
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Figure 3.62 Contours of turbulence kinetic energy k/Uref 2 at X/c=22.6. (a) A/c=-0.0625. (i)

Fine grid. Upper and lower figures show different contour ranges.
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Upper and lower figures show different contour ranges.
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(i) Coarse grid. Upper and lower figures show different contour ranges.
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(i) Fine grid. Upper and lower figures show different contour ranges.
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Contours of axial shear stress magnitude 't:a/U=r2 at X/c=22.6. (b) A/c=0.0625.

Upper and lower figures show different contour ranges.
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Contours of crossflow shear stress '_c/Uref2 at X/c=22.6. (a) A/c=-0.0625. (i) Fine

grid. Upper figure - positive stress, lower figure - negative stress.
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Figure 3.64 Contours of crossflow shear stress 'cfUra 2 at X/c=22.6. (b) A/c=0.0625. Upper

figure - positive stress, lower figure - negative stress.
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Figure 3.65 Contours of turbulence kinetic energy production Pc/U=f 3 at X/c=22.6.

Ajc=-0.0625. Fine grid. Upper figure - positive production, lower figure -

negative production.
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Figure 3.66 Locations of the primary and blade tip vortex centers as functions of X

(a) A/c = -0.0625, (b) A/c = 0.0625.
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Figure 3.69 Mean velocity profiles through the primary vortex core at X/c=22.6. (a)
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Figure 3.69 Mean velocity profiles through the primary vortex core at X/c=22.6. (b)
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Figure 3.73 Development of the core axial velocity profile with X. Note that 'r' represents
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